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Nederlandse samenvatting
De automobielindustrie is een zeer opwindende en nooit rustende markt waar innovatie de
sleutel is tot succes. De stijgende eisen omtrent veiligheid, brandstofconsumptie en broeikas-
gasemissies zijn maar enkele van de vele drijfveren van deze sector. Recente ontwikkelingen
hebben aangetoond dat het gebruik van lichtgewicht materialen een antwoord kan bieden aan
deze steeds strikter wordende eisen en wettelijke bepalingen. De beschikbaarheid van materi-
aalmodellen om het gedrag van materialen en van de voertuigen te beschrijven kan een extra
bijdrage leveren tot het voldoen aan deze normen.
Ook de staalindustrie wil hierbij een rol spelen en biedt een nieuwe generatie staalsoorten aan
voor gebruik in de automobielindustrie. Het doel van de voorgestelde studie is het gedrag en
de modellering van deze nieuwe generatie staalsoorten in impact-dynamische omstandigheden
te onderzoeken door geavanceerd gebruik te maken van een split Hopkinson bar opstelling. In
deze omstandigheden typisch verbonden aan, bijvoorbeeld, autocrashes, heeft het staal een
hogere sterkte en bijgevolg een hoger energieabsorptiepotentieel. Inleidende studies hebben
bevestigd dat het gebruik van dit fenomeen in een crash-analyse kan bijdragen tot het ont-
werpen van lichtere voertuigen. Deze ervaring wordt reeds gebruikt in het ontwerp van de
ULSAB (Ultra Light Auto Body) autostructuur. In dit werk wordt een ge¨ıntegreerde nume-
rieke en experimentele benadering voorgesteld om een diepgaand inzicht te verkrijgen in het
gedrag van materialen en van structuren bij hoge vervormingssnelheden.
Deze benadering zal door een onderzoek van het meerfasige TRansformation Induced Plasticty
(TRIP) staal worden ge¨ıllustreerd. Deze staalsoort is een zeer belangrijk lid van de nieuwe
generatie staalsoorten en stelt een superieure combinatie van hoge sterkte, crash-energie en een
uitstekende (ver)vormbaarheid tentoon. Dit vloeit voort uit een complexe synergie tussen de
verschillende fazen in dit staal: ferriet, bainiet en austeniet. Deze uitstekende eigenschappen
laten de verwezenlijkingen toe die in, bijvoorbeeld, de ULSAB voertuigconcepten worden
gerealiseerd.
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In hoofdstuk 2 wordt een overzicht gegeven van deze nieuwe generatie van staalsoorten, met
een speciale nadruk op TRIP staal. Om een volledig idee van de context van dit onderzoek
te krijgen wordt de invloed van verscheidene belangrijke parameters, zoals de transformatie-
temperaturen, de productieroute en de legeringselementen besproken. In hetzelfde hoofdstuk
wordt een state of the art beschrijving van de beschikbare klassieke experimentele faciliteiten
gegeven. De behoefte aan testtechnieken bij hoge vervormingssnelheden wordt uitgewerkt.
De split Hopkinson tensile bar opstelling beschikbaar aan de universiteit van Gent wordt
uitgebreid besproken en verscheidene kritische opmerkingen worden gegeven bij het testen
bij hoge vervormingssnelheden. Het hoofdstuk wordt besloten met een literatuuroverzicht
van verschillende impact-dynamische modelleringsbenaderingen. Verscheidene fenomenologi-
sche, semi-fenomenologische en micromechanische modellen en de toepassing ervan worden
besproken.
In hoofdstuk 3 wordt een serie van speciaal ontworpen impact-dynamische experimentele
opstellingen beschreven die worden gebruikt om het onderzochte plaatstaal verder te karak-
teriseren en te modelleren. Het ontwerp en de ontwikkeling van deze experimentele opstel-
lingen worden voorgesteld. Drie groepen tests kunnen worden onderscheiden: de geavan-
ceerde dynamische trek-testtechnieken, gebaseerd op de beschikbare split Hopkinson tensile
bar opstelling, maar waar vergeleken bij de normale opstelling bepaalde testparameters wor-
den veranderd (testtemperatuur, vervormingssnelheid, vervormingsniveau); de dynamische
compressie-experimenten en dynamische driepuntsbuiging-experimenten. Naast de speciaal
ontworpen opstellingen wordt een overzicht gegeven van de quasi-statische trekopstelling en
van de verscheidene microstructuurkarakteriseringsmethodes die in dit werk worden gebruikt.
Om een diepgaand inzicht in het materiaalgedrag en het structurele gedrag van de onderzochte
materialen te krijgen, moeten deze drie verschillende stappen worden gevolgd:
1. Observatie van het materiaalgedrag - de materiaaleigenschappen moeten uitge-
breid worden gekarakteriseerd. Niet alleen door middel van statische experimenten, ook
door de speciaal ontworpen dynamische experimenten. In hoofdstuk 4 worden de resul-
taten van een uitgebreid experimenteel programma besproken. Statische en dynamische
experimenten, met vervormingssnelheden die van 500 tot 2000 s−1 varie¨ren, worden uit-
gevoerd op een brede waaier van TRIP staalsoorten met een varie¨rende concentratie aan
legeringselementen (Al, Si, P). Verscheidene materiaaleigenschappen, zoals treksterkte,
verlenging en energieabsorptie, worden besproken en speciale aandacht wordt besteed
aan de rekversteviging van de verschillende staalsoorten. De resultaten worden verder
geanalyseerd met verschillende microstructuurkarakteriseringsmethodes.
2. Beschrijving van het materiaalgedrag - het waargenomen materiaalgedrag kan door
verscheidene wetten of materiaalmodellen worden beschreven. In hoofdstuk 5 worden
verscheidene materiaalmodellen uit de literatuur toegepast op de onderzochte staal-
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soorten. Een gedetailleerd overzicht van de parameterbepaling wordt gegeven. Daarna
worden de fenomenologische en semi-fenomenologische modellen besproken samen met
een samenvatting van het gedane onderzoek naar de micromechanische modellering van
TRIP staal. Door de verschillende modelparameters te vergelijken, kunnen objectieve
besluiten worden getrokken omtrent het geobserveerde materiaalgedrag. Deze modellen
kunnen dan worden gebruikt om het structurele gedrag te bepalen door ze in Eindige
Element -codes te implementeren.
3. Validatie van het materiaalgedrag en het structureel gedrag - dit onderzoek
houdt echter niet op met de vorige twee pijlers. Het onderzoek gaat een stap verder.
Daarom worden er ook verscheidene complexere en meer geavanceerde experimenten
op het materiaal en op de structurele componenten uitgevoerd. Deze experimenten
verstrekken extra validatiegegevens voor de materiaalmodellen. Voorts worden deze ge-
avanceerde experimenten gecombineerd met numerieke modellering van de experimenten
om het waargenomen gedrag ten volle te begrijpen.
• In hoofdstuk 6 worden de resultaten van de geavanceerder trekexperimenten ge-
geven samen met hun invloed op de onderzochte materiaalmodellen. Trekexperi-
menten met een sprong in de vervormingssnelheid, dynamische trekexperimenten
bij verhoogde temperatuur en onderbroken dynamische trekexperimenten worden
daarvoor ontwikkeld. Opnieuw worden de waargenomen materiaaleigenschappen
besproken, zoals treksterkte, verlenging, energieabsorptie en rekversteviging. Een
vergelijking wordt gemaakt met resultaten van de klassieke dynamische karakteri-
sering.
• In hoofdstuk 7 worden de resultaten van een gecombineerde numerieke/expe-
rimentele studie van het dynamische compressiegedrag van de TRIP staalplaten
voorgesteld. Ondanks het feit dat de compressietest voor dynamische karakterise-
ring veelvuldig wordt gebruikt, is de toepassing van deze techniek niet vanzelfspre-
kend voor het testen van staalplaten. Het dynamische compressiegedrag wordt
eerst bestudeerd door middel van Eindige Element -berekeningen. De invloed
van verscheidene parameters zoals wrijving, indrukking, proefstuklengte en van
het gebruikte materiaal wordt hiermee onderzocht. Daarna worden orie¨nterende
experimenten besproken om de prestaties van de opstelling te beoordelen. Dit
wordt gevolgd door een bespreking van het experimentele compressiegedrag van
CMnSi-TRIP-Arcelor staal. Gebaseerd op een gecombineerde experimentele/nu-
merieke aanpak kan een duidelijk beeld van het dynamisch compressiegedrag van
het TRIP staal verkregen worden. Een nieuwe proefstukgeometrie wordt voorge-
steld om betere resultaten te krijgen voor een proefstuk dat uit gelijmde staalplaten
bestaat.
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• In hoofdstuk 8 wordt een meerdimensionale spanningstoestand ge¨ıntroduceerd in
het proefstuk door middel van een driepuntsbuigopstelling. Het materiaalgedrag
en het structureel gedrag wordt onderzocht met experimenten en met numerieke
modellering. Aangezien de metingen zeer complex zijn en moeilijk zijn te inter-
preteren, is het noodzakelijk om het proefstukgedrag te onderzoeken met Eindige
Element -berekeningen. Naast een bespreking van de simulatieresultaten, wordt
de invloed van het materiaalmodel op de simulatie resultaten besproken. Op deze
wijze wordt een studie gemaakt van de opstelling als mogelijk validatiehulpmiddel
voor materiaal- en structureelgedrag. Voorts worden algemene aligneringsonvol-
maaktheden gesimuleerd om de gemeten signalen tijdens een echt experiment beter
te begrijpen. Daarna worden sommige orie¨nterende experimenten besproken om de
invloed van verscheidene opstellingsparameters te onderzoeken. Dit wordt gevolgd
door een bespreking van het experimentele buiggedrag van het materiaal.
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Executive Summary
The automotive industry is a very exciting and never resting market where innovation is a
key to success. Nowadays the sector is driven by vehicle safety, fuel consumption, green house
gas emissions and much more. Recent developments have shown that the use of lightweight
materials can offer an answer to the increasing demands and regulations. The availability of
models to describe the behaviour of materials and of the vehicles is an additional asset.
The steel industry also plays an important role in this and offers a new generation of steel
grades for the automotive industry. The aim of the proposed research is to investigate the
behaviour and the modelling of a new generation of steel grades by making advanced use of a
split hopkinson bar setup. With this setup conditions typically associated with, for example
crash events, are studied. It is well-known that under these impact-dynamic conditions steels
have higher strengths and consequently a higher energy absorption potential. Preliminary
studies confirmed that utilization of this phenomenon in crash analysis could assist in light
weighting. This experience is already used in the design of the ULSAB (Ultra Light Auto
Body) body structure. In this work an integrated numerical and experimental approach is
presented to obtain an in-depth understanding of the high strain rate behaviour of materials
and of structures made out of these materials.
This approach will be illustrated by an investigation of the multiphase TRansformation In-
duced Plasticity (TRIP) steel. This steel grade is a key member of the new generation
steel grades and exhibits a superior combination of high strength, crash energy and excel-
lent formability. This results from the complex synergy between the different phases in the
steel grade, i.e. ferrite, bainite and retained austenite. These excellent properties enables the
achievements realized in, for example, the ULSAB vehicle concepts.
In chapter 2 a review is given of this new generation of steel grades, with a special focus on
TRIP steel. In order to get a complete idea of the context of this research the influence of
several important parameters, such as the transformation temperatures, thermal processing
route and alloying elements, is discussed. In the same chapter a state of the art description
of the available classic experimental facilities is given. The need for high strain rate testing
techniques is elaborated. The high strain rate split Hopkinson tensile bar available at Ghent
University is extensively discussed and several critical remarks are given on high strain rate
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testing. The chapter is concluded with a literature overview of different high strain rate mod-
elling approaches. Several phenomenological, semi-phenomenological and micromechanical
models and their application are discussed.
The array of the specially designed high strain rate experimental setups used to characterize
and model the investigated sheet steels is described in chapter 3. The design and develop-
ment of these experimental setups are presented. Three groups of high strain rate tests can
be distinguished: advanced dynamic tensile testing techniques, based on the available tensile
apparatus, yet some features are altered compared to the normal setup (testing temperature,
strain rate, strain level); dynamic compression experiments and dynamic three point bending
experiments. Next to the specially designed setups an overview is given of the quasi-static
setup and of the several microstructure characterization and quantification methods used in
this work.
In order to achieve the goal of an in-depth understanding of the material and structural
behaviour, three different steps need to be followed:
1. Observation of the material behaviour - the material properties need to be exten-
sively characterised. Not only by means of static experiments, also by special developed
high strain rate or dynamic experiments. In chapter 4 the results of an extensive ex-
perimental program are discussed. Static and dynamic experiments, with strain rates
varying from 500 to 2000 s−1, are performed on a wide array of TRIP steel grades
with varying alloying elements (Al, Si, P). Several well-known material properties are
discussed, e.g. tensile strength, uniform elongation, energy absorption and special at-
tention is paid to the hardening behaviour of the steel grades. The results are further
analysed with different microstructure characterization and quantification methods.
2. Description of the material behaviour - the observed behaviour can be described
by several laws or material models. In chapter 5 several material models found in lit-
erature are applied to the investigated materials. A detailed overview of the parameter
determination is given. Afterwards the phenomenological and semi-phenomenological
models are discussed together with a summary of the research conducted on the mi-
cromechanical modelling of TRIP steels. By looking at the different model parameters
objective conclusions are drawn on the exhibited material behaviour. These models
can then be used to determine the structural behaviour by implementing it in Finite
Element codes.
3. Validation of the material and structural behaviour - this research does however
not stop with these two previous pillars. This research goes a step beyond. Several
more complex and advanced experiments on the material and on structural components
are performed. These experiments provide additional validation data for the material
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models. Moreover, these advanced experiments are combined with numerical modelling
of the experiments in order to fully understand the observed behaviour.
• In chapter 6 the results of more advanced tensile experiments are given together
with their influence on the investigated material models. Strain rate jump ex-
periments, dynamic tensile experiments at increased temperature and interrupted
dynamic tensile experiments are developed. Again the exhibited material proper-
ties are discussed, e.g. tensile strength, uniform elongation, energy absorption and
hardening behaviour, and compared with the results of the classic characterization.
• In chapter 7 the results of a combined numerical/experimental study of the dy-
namic compression behaviour of TRIP steel sheets is presented. Although the fact
that compression tests are widely used for dynamic characterization, this technique
is not straightforward for testing steel sheets. The dynamic compression behaviour
is first studied using finite element calculations. The influence of several setup pa-
rameters such as friction, indentation, specimen length and material is assessed.
Afterwards some exploratory experiments are discussed to assess the performance
of the setup. This is followed by a discussion of the experimental compression
behaviour of CMnSi-TRIP-Arcelor steel. Based on a combined experimental/nu-
merical approach a clear view of the dynamic compression behaviour of TRIP steel
can be given. A new specimen geometry is proposed in order to get better results
for a specimen consisting of glued steel sheets.
• In chapter 8 a more dimensional stress state is introduced in the test specimen by
means of a three-point bending setup. The material and structural behaviour is in-
vestigated with experiments and numerical modelling. Since the measurements are
very complex and difficult to interpret, it is necessary to investigate the specimen
behaviour using finite element calculations. Next to a thorough discussion of the
simulation results, the influence of the material model on the simulation results
is discussed. In this way an assessment is made of the setup as a possible vali-
dation tool for material and structural behaviour. Moreover, common alignment
imperfections are simulated to better understand the measured signals during a
real experiment. Afterwards some exploratory experiments are discussed to assess
the influence of several setup parameters. This is followed by a discussion of the
experimental bending behaviour of the material.
The most important achievements of this PhD research are summarized in the last chapter.
Moreover a list of new ideas and suggestions is presented as well.
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Introduction
The automotive industry is a very exciting and never resting market where
innovation is a key to success. Nowadays the sector is driven by vehicle safety,
fuel consumption, green house gas emissions and much more. Recent develop-
ments have shown that the use of lightweight materials can offer an answer to
the increasing demands and regulations. The availability of models to describe
the behaviour of materials and of the vehicles is an additional asset. In this in-
troduction chapter the industrial context of this PhD research is given. The aim
and scope of this work to investigate the behaviour and the modelling of a new
generation of steel grades under impact-dynamic conditions by making advanced
use of a split hopkinson bar setup is elaborated.
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1.1 Vehicle safety
The first motor cars began running in the 1880s, with primitive brakes, steering and tyres,
and with plate glass used for a windscreen. The potential for crashes and resulting injury was
high. One of the earliest crashes resulting in fatal injury was recorded in a London newspaper
in 1889. The paper reported that a vehicle was travelling down a hill at 12 to 15mph (i.e.
20 - 25km/h), described by witnesses as very high speed. As the driver tried to brake on
the cobblestone street, the wooden spokes of the rear wheels fractured. All of the occupants
were ejected, and the driver and a rear-seat occupant were killed! The accident caused an
investigation of the materials in the wheels. Instead of quality British wood spokes, they were
made from imported wood and a discussion over quality control followed [1] [2].
       
             
             
            
              
             
                
              
              
             
            
            
  
          
               
             
            
             
              
               
  
           
              
              
        
                                               
            
                
    
            
          
Figure 1.1: Car crash recorded in a London newspaper in 1889 [2]
Over the past decades the materials used in cars have changed drastically and a lot of trans-
portation safety efforts have been done. This focus on crash worthiness is even more empha-
sized by several test protocols designed by automotive vehicle regulatory organizations, such
as the European NCAP (New Car Assessment Program). Every car manufacturer is trying
to get the famous five-star rating and pass the enhanced frontal offset and side impact crash
tests (see figure 1.2). Therefore auto makers have added many features to help the driver
avoid a crash, such as anti-lock braking systems, traction control devices and daytime running
lamps. Vehicles also include many crash worthiness features such as rigid steel occupant-cells
surrounded by strategically placed, energy absorbing components. In addition, vehicles are
equipped with an impressive array of restraint systems such as energy-absorbing steering
columns, front and side air bags and head restraints to reduce the risk of injury [3].
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Figure 1.2: Front impact test performed by Euro NCAP on the Citroen C5 ***** [4]
1.2 Reducing CO2 emissions
However, passenger safety is not the only issue vehicle manufacturers have to deal with
nowadays. Environment, green house gas emissions and fuel consumption are becoming more
and more important. On 19 December 2007, for example, the European Commission adopted
a proposal to reduce the average CO2 emissions of new passenger cars which account for about
12% of the European Union’s carbon emissions. The proposed legislation is the cornerstone
of the EU’s strategy to improve the fuel economy of cars.
The Commission’s proposal will reduce the average emissions of CO2 from new passenger cars
in the EU from around 160 grams per kilometre to 130 grams per kilometre in 2012. This
will translate into a 19% reduction of CO2 emissions and will place the EU among the world
leaders of fuel efficient cars [5]. The proposal will also benefit consumers through important
fuel savings. It will further improve energy security, promote eco-innovations and high-quality
jobs in the EU.
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In summary the key market drivers of the car industry are [6]:
• Minimizing energy and emissions during production at all stages,
• Increased global demand for more fuel efficient vehicles,
• Maintaining or improving safety and performance of vehicles,
• Improving vehicle recycling and the use of recycled materials,
• Meeting consumers’ demands for durability, utility, aesthetics and cost competitiveness
while reducing vehicle weight (requiring new materials with advanced properties),
• Meeting designers’ needs for greater flexibility in choice of materials,
• Reducing costs and time to market, requiring computer simulation of novel processing
techniques and innovative materials.
1.3 Lightweight materials
In order to meet all these needs, every car manufacturer will focus on other aspects, yet
generally a similar global plan will be followed. In November 2007, at the Los Angeles Auto
Show, Ford president and CEO Alan Mulally outlined the company’s plan for a range of near-,
medium- and long-term global environmental technologies to provide customers more fuel-
efficient vehicles that emit fewer greenhouse gases without compromising their expectations of
Ford vehicles’ safety, quality, interior room or performance [7].
Key to the Ford plan in the near-term is a new generation of smaller displacement tur-
bocharged gasoline direct injection engines. This will provide customers with fuel savings
of between 10-20% without compromising performance. In addition Ford will introduce a
portfolio of technologies to achieve even greater fuel savings and emission reductions:
• A new generation of fuel-saving twin-clutch transmissions, which deliver the fuel econ-
omy of a manual with the convenience of an automatic.
• Advanced electric power assisted steering systems in between 80-90% of Ford vehicles.
• Aerodynamic improvements through better design and wind tunnel optimization.
• Weight reductions through platform efficiencies and greater use of aluminium and high-
strength steel.
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It is very important that Ford acknowledges this last point. Indeed, the use of lightweight
materials has many benefits [6]:
• For every 10% in weight reduction, there is a 6-8% improvement in fuel efficiency.
• This translates into about 17-20kg reduced CO2 over the lifetime of the vehicle per kg
weight reduction.
• Reduced weight also allows for easier braking, and improved responsiveness.
• Lighter vehicles carry less momentum into collisions.
• Light weight is critical to novel energy supply systems such as fuel cell vehicles.
In order to promote lightweight materials several initiatives are started up by the different
materials industries. Also the steel industry who dominated the automotive market for a
long time has come up with new innovative ideas. It was indeed necessary to promote a
new generation of steels to compete with the other new growing material industries, such as
aluminium, magnesium, composites.
Ultra Light Steel Auto Body - Advanced Vehicle Concept or ULSAB-AVC, is the latest in
a series of environmentally-centred initiatives by an international consortium of sheet steel
producers. This initiative offers the promise that steel is the most environmentally optimal
and affordable material for future generations of vehicles. The program supports this of-
fer by demonstrating the application of new steels, advanced manufacturing processes, and
innovative design concepts for U.S. mid-size and European C-Class vehicles [8].
The ULSAB-AVC program also focusses on crash requirements and ULSAB-AVC vehicles
incorporate unique steel design innovations to achieve five-star crash worthiness. In figure
1.3 a dash crash box structure is shown which is designed primarily to absorb energy in full
frontal and 40% offset crash events [4]. The advanced high-strength steels in this structure
ensure that crash loads are widely distributed through the vehicle at reduced mass.
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Figure 1.3: Dash crash box structure [8]
1.4 Modelling
To meet these ever-increasing demands, vehicle design is based on a complementary mix
of testing and mathematical modelling. Especially the prediction of the crash worthiness
behaviour requires special types of tests and a high level of test complexity. Whether assessing
crash worthiness by a test, by a computer simulation, or by a combination of both, the ultimate
objective is to determine the potential for human injury due to exposure to real world crash
conditions. Unfortunately, each real world crash is a unique event, and therefore attempting
to duplicate all real world crash conditions is a formidable task that is both time-consuming
and expensive. Accordingly, engineers use selective laboratory crash models that appear to
be most relevant to reducing injuries and saving human lives.
These models should satisfy at a minimum the following overall requirements [3]:
• Accuracy - the model should be able to yield reasonably accurate predictions of the
essential features being sought
• Speed - the model should be executable with a reasonable turnaround time, not to
exceed 12 hours regardless of its size, to allow for iterations and parameter studies
• Robustness - small variations in model parameters should not yield large model re-
sponses
• Development time - the model should be built in a reasonably short period of time, not
to exceed two weeks
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1.5 Aim of the work
The aim of the proposed research is to investigate the behaviour and the modelling of a new
generation of steel grades by making advanced use of a split hopkinson bar setup. With this
setup the material will be studied under impact-dynamic test conditions. In these conditions
typically associated with, for example, crash events, steels have higher strengths and conse-
quently a higher energy absorption potential. Preliminary studies confirmed that utilization
of this phenomenon in crash analysis could assist in lightweighting. This experience is already
used in the design of the ULSAB-AVC body structure. In this work an integrated numeri-
cal and experimental approach is presented to obtain an in-depth understanding of the high
strain rate behaviour of materials and of structures made out of these materials.
This approach will be illustrated by an investigation of the multiphase TRansformation In-
duced Plasticity (TRIP) steel. This steel grade is a key member of the new generation steel
grades and exhibits a superior combination of high strength, crash energy and excellent forma-
bility. This enables the achievements realized in, for example, the ULSAB vehicle concepts.
In chapter 2 a review is given of this new generation of steel grades, with a special focus on
TRIP steel. In order to get a complete idea of the context of this research the influence of
several important parameters, such as the transformation temperatures, thermal processing
route and alloying elements, is discussed. In the same chapter a state of the art description
of the available classic experimental facilities is given. The need for high strain rate testing
techniques is elaborated. The high strain rate split Hopkinson tensile bar available at Ghent
University is extensively discussed and several critical remarks are given on high strain rate
testing. The chapter is concluded with a literature overview of different high strain rate mod-
elling approaches. Several phenomenological, semi-phenomenological and micro mechanical
models and their application are discussed.
In chapter 3 the array of the specially designed high strain rate experimental setups used to
characterize and model the investigated sheet steels is described. The design and development
of these experimental setups are presented. Three groups of high strain rate tests can be
distinguished: advanced dynamic tensile testing techniques, based on the available tensile
apparatus, yet some features are altered compared to the normal setup (testing temperature,
strain rate, strain level); dynamic compression experiments and dynamic three point bending
experiments. Next to the specially designed setups an overview is given of the quasi-static
setup and of the several microstructure characterization and quantification methods used in
this work.
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In order to achieve the goal of an in-depth understanding of the material and structural
behaviour, three different steps need to be followed:
1. Observation of the material behaviour - the material properties need to be exten-
sively characterised. Not only by means of static experiments, also by special developed
high strain rate or dynamic experiments. In chapter 4 the results of an extensive ex-
perimental program are discussed. Static and dynamic experiments, with strain rates
varying from 500 to 2000 s−1, are performed on a wide array of TRIP steel grades
with varying alloying elements (Al, Si, P). Several well-known material properties are
discussed, e.g. tensile strength, uniform elongation, energy absorption and special at-
tention is paid to the hardening behaviour of the steel grades. The results are further
analysed with different microstructure characterization and quantification methods.
2. Description of the material behaviour - the observed behaviour can be described
by several laws or material models. In chapter 5 several material models found in
literature are applied to the investigated materials. A detailed overview of the parameter
determination is given. Afterwards the phenomenological and semi-phenomenological
models are discussed together with a summary of the research conducted on the micro
mechanical modelling of TRIP steels. By looking at the different model parameters
objective conclusions are drawn on the exhibited material behaviour. These models
can then be used to determine the structural behaviour by implementing it in Finite
Element (FE) codes.
3. Validation of the material and structural behaviour - this research does however
not stop with these two previous pillars. This research goes a step beyond. Several
more complex and advanced experiments on the material and on structural components
are performed. These experiments provide additional validation data for the material
models. Moreover, these advanced experiments are combined with numerical modelling
of the experiments in order to fully understand the observed behaviour.
• In chapter 6 the results of more advanced tensile experiments are given together
with their influence on the investigated material models. Strain rate jump ex-
periments, dynamic tensile experiments at increased temperature and interrupted
dynamic tensile experiments are developed. Again the exhibited material proper-
ties are discussed, e.g. tensile strength, uniform elongation, energy absorption and
hardening behaviour, and compared with the results of the classic characterization.
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• In chapter 7 the results of a combined numerical/experimental study of the dy-
namic compression behaviour of TRIP steel sheets is presented. Although the fact
that compression tests are widely used for dynamic characterization, this technique
is not straightforward for testing steel sheets. The dynamic compression behaviour
is first studied using finite element calculations. The influence of several setup pa-
rameters such as friction, indentation, specimen length and material is assessed.
Afterwards some exploratory experiments are discussed to assess the performance
of the setup. This is followed by a discussion of the experimental compression
behaviour of CMnSi-TRIP-Arcelor steel. Based on a combined experimental/nu-
merical approach a clear view of the dynamic compression behaviour of TRIP steel
can be given. A new specimen geometry is proposed in order to get better results
for a specimen consisting of glued steel sheets.
• In chapter 8 a more dimensional stress state is introduced in the test specimen by
means of a three-point bending setup. The material and structural behaviour is in-
vestigated with experiments and numerical modelling. Since the measurements are
very complex and difficult to interpret, it is necessary to investigate the specimen
behaviour using finite element calculations. Next to a thorough discussion of the
simulation results, the influence of the material model on the simulation results
is discussed. In this way an assessment is made of the setup as a possible vali-
dation tool for material and structural behaviour. Moreover, common alignment
imperfections are simulated to better understand the measured signals during a
real experiment. Afterwards some exploratory experiments are discussed to assess
the influence of several setup parameters. This is followed by a discussion of the
experimental bending behaviour of the material.
The most important achievements of this PhD research are summarized in the last chapter.
Moreover a list of new ideas and suggestions is presented as well.
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2
State of the art
In this chapter the scientific background of the PhD research is discussed with
a state of the art -review. First of all an in-depth summary is given of multiphase
steels and particularly of TRansformation Induced Plasticity (TRIP) steels, which
are investigated in this work. A review is given of possible high strain rate char-
acterization setups which can be used to investigate the behaviour of these steel
grades under impact-dynamic conditions. An extended overview is given of the
setup available in Ghent university. Finally this chapter is concluded with an
overview of material models that can describe the strain rate and temperature
behaviour of the investigated steel grades.
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2.1 Context: A review on multiphase steels research
2.1.1 High strength steels for automotive applications
In order to meet the new requirements of the automotive industry, such as superior crash en-
ergy absorption, formability, strength level, weldability, etc., the steel industry has developed
a new generation of steels for automotive applications. High Strength Steels (HSS) with a
tensile stress ranging from 270− 700MPa, Ultra High Strength Steels (UHSS) with a tensile
stress greater than 700MPa and the overlapping Advanced High Strength Steels (AHSS) tend
to meet these requirements.
These AHSS can be defined as sheet steels that have a strength-ductility balance superior
to conventional steel grades, or exhibit a tensile strength higher than 400MPa. AHSS are
multiphase steels with a complex microstructure. They consist of a mixture of different phases
(such as ferrite, bainitic ferrite, retained austenite and martensite) in adequate volume fraction
to provide the required mechanical properties. The AHSS group contains steel grades such
as Dual phase (DP), Complex Phase (CP), TRansformation Induced Plasticity (TRIP) and
Martensitic Steels (MS). The superior strength-ductility balance of these multiphase steels is
due to the tailored combination of soft and hard phases and, in some cases, to the presence
of metastable austenite. Figure 2.1 shows the tensile strength versus the total elongation for
conventional HSS and AHSS steels.
Figure 2.1: Tensile strength versus total elongation for conventional HSS and AHSS steels [1]
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Figure 2.2 gives an overview of the typical microstructures of Ultra Low Carbon (ULC), DP,
TRIP, CP and MS steels. A schematic representation is completed with the microstructures
observed by Light Optical Microscopy (LOM) and Scanning Electron Microscopy (SEM) (see
section 3.5).
One of the first developed HSS for automotive applications is Low Carbon (LC) steel with a
carbon content of ∼ 200wt− ppm, making these steel grades suitable for typical automotive
welding techniques. They can be used for most automotive parts, from small flat parts
to large deep drawn parts. The use of these steels, however, is limited because of their
relatively low yield strength. For this reason Ultra Low Carbon (ULC) steels were developed
(C < 50wt − ppm). They consist of single phase ferritic steels with a very low content of
alloying elements (see figure 2.2). ULC steels are increasingly used for the manufacturing of
outer car body parts.
DP steels have a microstructure consisting of a soft ferrite matrix and a lath-type martensite
second phase, with a content varying from 5 to 50 vol-%. The amount of martensite determines
the strength of the steel. DP steels exhibit a low yield strength and high work hardening [3] [4].
Low alloyed, high strength TRIP steels show an excellent combination of high tensile strength
and high uniform elongation [5] [6] [7] [8] [5] [9] [10]. They have a complex microstructure
composed of different phases: ferrite (∼ 50vol−%), bainite (∼ 35− 40vol−%) and retained
austenite (∼ 10 − 15vol − %). The retained austenite is able to undergo a strain induced
martensitic transformation (see section 2.1.2).
Cold rolled CP steels have a microstructure of martensite and/or strengthened ferrite. CP
steels exhibit significant higher yield strengths than DP steels, with comparable tensile
strengths. The MS steels are characterized by a martensitic matrix containing small amounts
of ferrite and/or bainite. Within the group of multiphase steels, MS steels show the highest
tensile strength level. Current developments on this steel grade are carried out to achieve
improved formability for automotive applications.
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Figure 2.2: Schematic overview of several new generation steel microstructures completed with LOM
and SEM photographs [2]
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2.1.2 TRansformation Induced Plasticity
The low alloy TRIP steels show high strength values in combination with an excellent de-
formability, making these steels the material of choice for impact-absorbing structural parts
of car bodies. G. Wassermann [11] was the first who studied enhanced plasticity during
austenite-martensite phase transformations in iron-nickel steel. Transformation enhanced
ductility or the TRIP effect was further investigated by Zackay et al. [12] in single-phase
austenitic steels. Nevertheless, low alloy steels can also be processed to obtain an enhanced
ductility by this effect. This property is the result of the complex microstructure of the steel
grades. As described above, low alloy TRIP steels consist of three phases: ferrite, bainite,
and meta-stable retained austenite. The TRIP mechanism in steels with dispersed austenite
is shown in figure 2.3.
During straining the retained austenite transforms to martensite. The austenite is gradually
replaced by a high strength, high C martensite, and the transformation is associated with a
volume expansion. Both effects suppress plastic instability and extend the range of uniform
elongation. The retained austenite, which is closely associated with the bainite, is present as
small austenite islands, the diameter of which is typically in the range of 0.1− 1.0µm. Note
that the retained austenite has an elongated shape [13].
Due to this complex composite-like microstructure TRIP steels can be engineered or tailored
to provide excellent formability for manufacturing complex parts and can additionally be
designed into the automotive body structure to offer excellent impact energy absorption.
Figure 2.3: Schematic representation of the TRIP mechanism in low alloy TRIP steels and TEM
micrograph showing the small austenite islands in TRIP steel [13]
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In terms of transformation plasticity in TRIP steels, four temperature ranges are important.
Figure 2.4 reviews the dominant deformation mechanisms in the different temperature ranges
in the retained austenite within TRIP steel.
1. Below the martensitic start temperature Ms: the austenite phase is thermody-
namically unstable and the transformation to martensite will occur without any need
of deformation.
2. Between Ms and Mσs : yielding of the austenite occurs by stress-induced transfor-
mation of austenite to martensite at pre-existing nucleation sites. In this region the
chemical driving force for the transformation decreases linearly with increase in tem-
perature. The critical applied stress for the transformation increases linearly with the
temperature. At Mσs the stress needed to initiate the transformation equals the yield
strength of the parent austenite phase.
3. BetweenMσs andMd: Above theM
σ
s temperature the transformation is mainly strain-
induced. The martensite is predominantly nucleated at new nucleation sites produced
by slip. Additional nucleation occurs at the intersection of strain induced deformation
bands.
4. Above the Md temperature: This is the temperature above which no martensite
transformation occurs.
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Figure 2.4: Schematic representation of the dominant deformation mechanisms in the different tem-
perature ranges in the retained austenite (indicated by the A labelled arrow) in TRIP
steel, i.e. formation of a-thermal martensite (a) , stress-induced plasticity (b), strain-
induced plasticity (c) and dislocation glide plasticity with micro twins formation. The
schematic, which is labelled as (c), illustrates the tri-axial stress state of a volume element
subjected to strain-induced martensitic phase transformation during tensile test [2]
A key parameter for the TRIP-effect is the volume fraction and the stability of the meta-stable
austenite. Many authors reported optimal mechanical properties for TRIP steels containing
retained austenite with a volume fraction in the range of 8% to 15% [14] [8] [5] [15] [16]. The
stability of the retained austenite depends on several parameters:
• the chemical composition of the retained austenite and its intrinsitic stacking fault
energy [17]
• the size of the retained austenite grains [12] [18]
• the stress state [19]
• the strength of the austenite and the presence of other phases in the vicinity of retained
austenite [17]
• the morphology and distribution of retained austenite in the microstructure [19] [20] [21]
The stability is mainly determined by the austenite particle size and the composition, espe-
cially the carbon content is an important stability parameter [22] [23] [24]. Important alloying
elements such as silicon and aluminium in TRIP-steels - principally added to inhibit carbide
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precipitation during the second stage isothermal holding temperature in the production pro-
cess of TRIP-steels (see next paragraph) - also significantly influence the thermodynamic
stability of the austenite phase.
2.1.3 Thermal processing of TRIP steel [2]
Low alloy TRIP steels were developed for processing in continuous steel sheet annealing lines.
Industrially these multiphase steels can be processed as hot rolled and cold rolled steel sheets.
But still some processing difficulties remain. In order to respond to the increasing demand
for these products, without deteriorating the excellent mechanical properties, optimization of
the processing and the alloying additions is necessary. Here, the two step thermal treatment
of TRIP steels and the phase transformations that occur during this process are described.
After cold rolling, the starting microstructure is about 30 vol-% of pearlite (a two-phased,
lamellar structure composed of alternating layers of alpha-ferrite and cementite) and 70 vol-
% of ferrite. In order to obtain the final TRIP microstructure a two step heat treatment,
consisting of five distinct stages, is used (figure 2.5). During each stage a phase transformation
occurs.
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Figure 2.5: Schematic representation of the typical laboratory thermal cycle for TRIP steel in the
present work [13]
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• Stage 1: Rapid heating
During the initial rapid heating the ferrite (α) recrystallizes and the cementite starts to
dissolve. The latter dissolves first in the ferrite and later in the austenite (γ) which is
formed during this heating stage. This process is believed to be very rapid, if cementite
is present in the microstructure as pearlite (which results in short diffusion distances).
• Stage 2: Intercritical annealing
During this step the material is annealed at the intercritical annealing temperature
in the α + γ phase region. Here, the recrystallization of ferrite, the dissolution of
cementite and the formation of austenite takes place. It is also important that none
of the original cementite remains undissolved in order to achieve the highest possible
volume of austenite.
• Stage 3: Cooling
After the intercritical annealing stage, the material is first slowly cooled to the quenching
temperature (700 - 650◦C) and secondly rapidly cooled to overaging temperature (∼
400◦C). During the slow cooling (∼ 10◦C/s) the volume fraction of ferrite increases,
which permits a higher enrichment of the residual austenite in carbon. The fast cooling
(∼ 50 − 70◦C/s) results in the formation of new ferrite, which grows on the existing
intercritical ferrite phase. The rapid cooling is necessary to avoid pearlite formation.
• Stage 4: Isothermal bainitic transformation holding
This stage is in many ways the most critical stage as it defines three crucial parameters:
the C-content, the volume fraction and the size of the retained austenite regions in the
microstructure. The progressive enrichment of the austenite phase with carbon leads
to the decrease of its martensite start temperature and hence to the stabilization of the
retained austenite to room temperature.
• Stage 5: Final cooling
In the final, relatively slow, cooling stage some of the austenite may transform to marten-
site. This is often the case for Si-free TRIP steels which have a high Al-content [17].
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2.1.4 Alloying elements of TRIP steel
Current low alloy TRIP steels are characterized by a very low content of alloying elements.
The total content of alloying elements, including residuals, is about 3.5wt − % in a current
800 MPa TRIP steel. The selection of alloying addition and the determination of the mini-
mum concentration required to achieve the desired properties are therefore very critical in the
alloy design process. Conventional TRIP steel compositions are usually based on the concept
proposed by Matsumura et al. [25]: 0.12− 0.55wt−%C, 0.2− 2.5wt−%Mn, 0.4− 1.8wt%Si.
Most recent research on low alloy TRIP steel has focused on alternatives to the standard Si-
based TRIP steel (CMnSi-TRIP), which contains typically ∼ 0.15wt−%C,∼ 1.5wt−%Mn,∼
1.5wt%Si. The Al-based TRIP steel (CMnAl-TRIP) and the CMnSiAl-TRIP steel concept is
based on full or partial replacement of Si by Al. Additions of P, corresponding to the CMn-
SiAlP concept, permits to compensate the resulting loss of solid solution strengthening caused
by Al additon (see further). It is important to realize that the composition influences the
thermodynamic stability, the transformation kinetics and the stacking fault energy (S.F.E.)
of the retained austenite. In what follows, an overview will be given of the main alloying
elements and their effect on TRIP steels.
In order to obtain enough retained austenite in low-alloy TRIP steels at room temperature,
without adding large amounts of austenite stabilizing elements such as Mn and Ni, it is nec-
essary to enrich the austenite in C. The enrichment in C of the austenite phase increases
its thermal stability, decreases the martensite transformation start temperature Ms and con-
sequently the austenite can be retained upon cooling to room temperature [26]. This C
enrichment is achieved by means of the thermal treatment (see section 2.1.3) in combination
with alloying elements preventing carbide precipitation such as Mn, Si, Al and P.
C is the main alloying element of TRIP steels, its typical effects are listed in table 2.1.
Carbon plays a prominent role in setting the volume fraction of the different phases and
is also one of the main solid solution strengthening elements for bainite, martensite and
austenite. Increasing the carbon concentration is thus a relatively simple way to increase the
strength without deteriorating the formability of a TRIP steel. An increase of C however
causes on the other hand, a decrease in toughness of the martensite phase. Carbon also plays
an important role in bake-hardening processes.
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Alloying
element Typical wt-% Favorable effects Possible problems
C 0.15− 0.30
- Determines the phase distribution
during the intercritical annealing
- Determines the retained austenite
volume fraction and stability
- Strengthens the martensite
- Austenite stabilizer
- Weldability
- Toughness reduction
of martensite
Table 2.1: Effect of carbon in low alloy TRIP steel
Mn is the second critical element in TRIP steels and is added for several reasons (table 2.2).
Mn stabilizes the austenite phase and strengthens the ferrite.
Alloying
element Typical wt-% Favorable effects Possible problems
Mn 1.5− 2.00
- Austenite (γ) stabilizer
- Reduces the activity of C
in ferrite (α) and cementite (θ)
- Strengthens the ferrite
- Retards the pearlite and
cementite formation
- Increases the retained austenite
to martensite transformation kinetics
- Carbide formation
- Weldability
Table 2.2: Effect of manganese in low alloy TRIP steel
Because of the importance of the cementite-formation retarding, Si, Al and P are also con-
sidered because of their excellent properties in this field. Si is the element of choice to
suppress carbide formation during the isothermal bainitic transformation in TRIP steel [27].
An overview of its effect in TRIP steel is given in table 2.3. Silicon strengthens the ferrite
phase considerably. High Si-contents however results in an adherent FeO.SiO2 oxide layer
on the sheet surface, which generates surface defects on the hot rolled sheet and is difficult to
remove by pickling. Moreover, due to this oxide layer TRIP steels with a high Si content are
complicated to galvanize and thus to process in continuous galvanizing lines [28]. Because of
these undesirable properties Al and P were proposed to replace Si [29] [7] [30] [31] (see table
2.3).
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Alloying
element Typical wt-% Favorable effects Possible problems
Si 0.1− 1.50
- Significantly strengthens the α
- Prevents the cementite
and pearlite formation
- Increases the activity of C in
α and θ
- Insoluble in cementite
- Increases the retained austenite
to martensite transformation kinetics
- Limitations in
surface quality
- Unexpected failures
Al 0.05− 1.80
- α stabilizer
- Prevents the cementite
and pearlite formation
- Decreases the retained austenite
to martensite transformation kinetics
- Lower solution
hardening potential
than Si
- Ms increase
- Possibility of
casting problems
P 0.01− 0.30
- α stabilizer
- Strengthens the ferrite
by solid solution hardening
- Prevents the cementite precipitation
- Potential grain
boundary segregation
- Decreases weldability
Table 2.3: Effect of silicon, aluminium and phosphor in low alloy TRIP steel
Al is the most suitable element to replace Si. Al is insoluble in cementite [32] and has a large
effect on the growth rate of carbide by increasing the formation time and by decreasing the
thermodynamic stability of cementite. Si, however, has a greater strengthening effect than
Al in ferrite [33]. Al increases the ductility significantly because it has a lower solid solution
strengthening potential for the ferrite phase [34]. Moreover, Al is not expected to influence
the coatability adversely and is known to give better finishing surfaces after cold rolling [35].
P has the most effective solid solution strengthening effect of the three elements in table 2.3.
In conventional TRIP steels however, the addition of P will be limited to one tenth of the
Si concentration. The most effective stabilization of ferrite will therefore be realized by Al
additions. P also reduces the precipitation kinetics of cementite [32].
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Other (micro-) alloying concepts have also been proposed using Cu, Nb, Ti and/or V as
alloying elements. By Cu additions, up to 90MPa increase in tensile strength and 7% total
elongation increase are observed by Lee et al. [36]. Cu also provides improved weldability
properties although problems occur during hot processes at increased temperature. Nb, Ti
and V, alone or in combination, have been used as micro-alloying additions to refine the
microstructure and to form carbide or carbo-nitride precipitates. In this way strength levels
of 1GPa or more can be achieved [37] [38] [39]. For Ti micro-alloyed TRIP steels higher tensile
strength levels and lower total elongations are reported by Krizan [40] in comparison with Nb
micro-alloyed TRIP steel. More in-depth information on these and other alloying elements
(Mo, Cr, etc.) can be found in [2].
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2.2 Need: High strain rate observations
2.2.1 Introduction
In order to optimize the crash worthiness analysis in the automotive industry, high strain
rate tensile testing of sheet steels is becoming more important. It is well known that steels
display positive strain rate performance, i.e. at the higher rates of strain which are typically
associated with crash events, steels have higher strengths and consequently a higher crash
energy absorption potential for a crash event (see figure 2.6). The determination of the
material properties over a large range of strain rates is thus a key step towards the accurate
modelling of vehicle crash tests and of several high speed forming processes.
Figure 2.6: Stress-strain curve example of a steel from the ULSAB-AVC Steel Grades Portfolio [41]
To characterize the mechanical behaviour of a material by uni-axial tensile tests, it is in-
dispensable to measure the loading force associated with the change of the length of the
specimen. At the quasi-static strain rate, a load cell is considered to deform homogeneously
and the loading force is measured by a strain gauge attached to it. As the strain rate in-
creases, the time needed to attain the homogeneity of elastic deformation within the load
cell approaches that of the testing time, which leads to the necessity of considering the wave
propagation within the load cell. Thus, there is a significant difference between quasi-static
and high strain rate ranges in the load (stress) measurement.
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The direct measurement of strain is also challenging at high strain rates. Extensometers
used at quasi-static conditions do not have the necessary response characteristics and are
normally physically too fragile at high strain rates. Non-contact extensometers, such as
optical extensometer or laser interferometer, are becoming more popular due to their high
sampling rate and faster response [42].
Adiabatic heating is another issue for dynamic testing. The heat transformed from plastic
deformation can be significant [42]. During a high strain rate test on TRIP steels the temper-
ature will gradually change from room temperature to approximately 100◦C. Therefore, the
stress-strain behaviour at high strain rates is the result of strain rate and adiabatic heating.
2.2.2 Types of high strain rate testing techniques
Different types of testing techniques have been used to generate data under dynamic con-
ditions, each serving a specific range of strain rates [43]. In principle, any testing machine
which can apply a uni-axial tensile load to the sheet steel specimen to failure with a specified
high strain rate can be used to conduct a dynamic tensile test. The machine should also have
the proper measurement systems to measure and record the important parameters, such as
strain, displacement and load [42].
In general, for the strain rate region of interest to crash worthiness, three types of testing
systems are required [42]. For testing at quasi-static conditions and strain rates below 0.1s−1,
a conventional load frame, either mechanical or servo-hydraulic, should be used. For strain
rates higher than 0.1s−1, both servo-hydraulic and bar type machines should be used. The
servo-hydraulic type system (figure 2.7) can normally cover the strain rate range of 0.1 to
500s−1, while bar type systems cover the strain rates from 100 to 1000s−1 and higher. In
special cases, 1000s−1 is possible for servo-hydraulic system. The strain rate increments -
1, 10, 100, 250, 500, 1000s−1 - are sufficient for describing the strain rate sensitivity of steels.
Figure 2.8 is a schematic representation of the applicable range of strain rates for the three
testing systems.
However, a critical note needs to be added to the recommendations of [42] and to figure
2.8. Testing at intermediate rates (100 − 500s−1) between the classic and the bar regime is
very challenging. In conventional testing, the quasi-static strain-rates permit the entire load
train to be in dynamic force equilibrium at all times, whereas in the bar techniques, a single
elastic wave pulse is propagated through the sample. In the intermediate regime elastic wave
reflections can occur and establishing dynamic equilibrium in the sample and the load sensors
is very difficult. The test method and data analysis is therefore non-trivial.
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Figure 2.7: Schematic of servo-hydraulic system (courtesy of Technical University of Aachen) [42]
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Figure 2.8: Typical ranges of strain rate covered by conventional load frames, servo-hydraulic ma-
chines and bar testing systems with curve shown for typical steel [42]
Specifically, because of the inherent time constant of the test, the entire load frame may not
be in dynamic equilibrium leading the elastic wave propagation through the frame to impart
fluctuations in the load cell readout. Applying bar methods below 500s−1 is very critical as
well due to the time needed to establish equilibrium in the specimen (see section 2.2.3)
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A critical drawback of dynamic testing is that no guidelines are available for the testing
method, specimen dimensions, measurement devices, and other important issues which are
critical to the quality of testing results. As a result, data from different laboratories are
often not comparable. Quality of the testing data is, in general, not satisfactory. Signal
damping and curve smoothing are often necessary to make the testing data usable. In 2005
a round robin study was performed to compare the results from the participating testing
laboratories [44]. Servo-hydraulic machines and/or bar testing systems were used in the
different labs.The purpose of this study was to examine the impact of the testing approaches
used by participating labs on high strain rate results when common material is used.
The results showed reasonable agreement among the testing labs, though there were some
results that showed considerable variation. Differences in testing results were attributed to
differences in specimen geometry, testing procedures and raw data processing methods. The
results showed that some labs were able to overcome the difficulties in providing quality high
strain rate data through the use of good testing procedures and other practices [44].
In this work the material properties in quasi-static conditions and at strain rates higher than
500s−1 are studied. For strain rates higher than 500s−1 a bar system is normally used. This
bar system can achieve also lower strain rates, such as 100s−1, yet a special configuration is
necessary. The bar system was developed by Hopkinson [45] in 1914 and further advanced
by Davies [46] and Kolsky [47]. An impact is applied to one end of the specimen, the stress
wave created then propagates at the speed of sound through the specimen, resulting in very
high strain rates.
The split Hopkinson bar setup is one of the most commonly used setups (figure 2.9). Mostly,
a pressure apparatus is used to obtain the dynamic parameters, yet a tensile setup is preferred
for the testing of sheet metals. Stress-strain curves at strain rates varying from 500 to 2000s−1
can be obtained with the tensile setup developed at Ghent University.
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Figure 2.9: The split Hopkinson bar setup at Ghent University
2.2.3 High strain rate split Hopkinson tensile bar
During a split Hopkinson tensile bar (SHTB) experiment, a small material sample is subjected
to a uni-axial tensile load at a high strain rate. A schematic representation of the Hopkinson
setup is shown in figure 2.10. This setup consists of an input bar and an output bar, with
a specimen sandwiched in between. For the Hopkinson experiments at Ghent University,
aluminium bars with a diameter Db = 25mm are chosen.
A tube-like ertalon impactor is put around the input bar, and is accelerated towards an anvil.
Thus, a so-called incident tensile wave i(t) is generated, and propagates along the input bar
towards the specimen. The incident wave interacts with the specimen, generating a reflected
wave r(t) and a transmitted wave t(t). The strain histories i(t), r(t) and t(t) are measured
by means of strain gauges on the Hopkinson bars. These strain gauges are placed on well-
chosen places so that the incident and reflected wave can be measured independently on the
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Figure 2.10: Schematic representation of the Split Hopkinson Tensile Bar (SHTB) setup
input bar. Also the transmitted wave can be measured without interference on the output
bar [48]. In figure 2.11 the three stress waves recorded on input and output bar are depicted.
Figure 2.11: The stress histories of the incident, reflected and transmitted wave, recorded on the
input and output bar
29
Chapter 2. State of the art
From these signals the mean stress in the specimen can be calculated as [47]:
σm(t) =
σin(t) + σout(t)
2
=
AbEb
2As
[t(t) + r(t) + i(t)] (2.1)
with σin(t) and σout(t) the stress waves in the input resp. output bar at the interface specimen-
input bar resp. specimen-output bar, Eb the stiffness and Ab the cross section of the Hopkinson
bars. As is the cross section of the specimen. The mean strain rate can be calculated by
dividing the relative velocity of the Hopkinson bar interfaces vout−vin by the initial specimen
gauge length L:
˙m(t) =
vout(t)− vin(t)
L
=
Cb
L
[i(t)− t(t)− r(t)] (2.2)
where Cb is the propagation velocity of longitudinal waves in the Hopkinson bars. Thus,
the corresponding strain can be written as the relative displacement of the Hopkinson bar
interfaces uout − uin divided by the initial specimen gauge length L:
m(t) =
uout(t)− uin(t)
L
=
Cb
L
t∫
0
[i(τ)− t(τ)− r(τ)] dτ (2.3)
When the specimen length is sufficiently small, a quasi-static equilibrium
t(t) = r(t) + i(t) (2.4)
is established in the specimen from the early stages of loading. As a result, both the stress
σ and strain ε are homogeneous along the length of the specimen, and the equation for the
stress (2.1) simplifies to
σ(t) = σm(t) =
AbEb
As
t(t) (2.5)
From equation (2.3) an expression for the specimen elongation can be derived:
(t) = −2 Cb
L
t∫
0
r(τ) dτ (2.6)
The expression for the strain rate (2.2) yields:
˙(t) = −2 Cb
L
r(t) (2.7)
Remark: True strain - true stress calculation
True stress and strain measures account for changes in cross-sectional area by using the
instantaneous values for area, giving more accurate measurements for events such as the
tensile test. True stress can be related to the engineering stress if we assume that there is no
volume change in the specimen:
σtrue = σeng(1 + εeng) (2.8)
True strain can also be related back to the engineering strain, through the equation:
εtrue = ln(1 + εeng) (2.9)
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(a) (b)
Figure 2.12: Engineering stress and strain rate (a) and temperature increase (b) as function of the
engineering strain during hardening for a CMnAl-TRIP steel (average strain rate ε˙ ∼=
1040s−1)
Result
In figure 2.12(a) the resulting engineering stress-strain curve as well as the strain rate calcu-
lated from the measured signals of figure 2.11 using the above equations are shown. Notice
that the strain rate needs a certain rise time to attain a constant strain rate. After necking
the strain rate increases again due to the decrease of the section of the specimen.
The main advantages of Hopkinson experiments are that test execution is relatively simple
and that the interpretation of the obtained results is straightforward. Stresses and strains
are obtained independently from each other, without having to make assumptions on the
specimen behaviour.
The split Hopkinson tensile bar setup is extensively documented in [48] [49] [50].
2.2.4 Attention points for SHTB testing
Adiabatic heating
Special attention needs to be paid to the temperature development during high strain rate
deformation. Indeed, in dynamic conditions no isothermal temperature evolution is observed,
instead the temperature increases quasi-adiabatic during straining. The quasi-adiabatic tem-
perature increase in the specimen during high strain rate plastic deformation is calculated
using the following formula [51]:
∆T =
β
ρc
∫
σdεp (2.10)
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In this equation ρ is the mass density, c the specific heat and β a coefficient indicating the
fraction of plastic work converted into heat. This β-value is usually assumed to have a value
between 0.9 and 1. Next to the heat due to plastic work given by equation (2.10), additional
heat is released in a TRIP steel by the exothermic austenite to martensite transformation.
Since the exact evolution of the transformation during a high strain rate experiment is not
known yet, a value of 1 is used for the β-coefficient to allow for additional heat release. During
the test the temperature will gradually change from room temperature to approximately
100◦C. In figure 2.12(b) the adiabatic temperature increase for the experiment of figure 2.12(a)
is given.
Specimen geometry
SHTB measurements must be treated with great care. Indeed, they provide only approx-
imated and averaged information on the specimen deformation. Analysis of the equations
(2.5) - (2.7) learns that:
• at each moment only one value for the strain and one for the strain rate are ob-
tained. These values are assumed to represent the homogeneous specimen deformation
behaviour in the central zone of the bone-shaped specimen,
• the deformation of the specimen is obtained by dividing the relative displacement of
both ends of the specimen by the length of the central zone, i.e. the zone where the
section is constant. The deformation of the transition zones, where the section of the
specimen is changing, is thus neglected. All deformation is assumed to be concentrated
in the central zone of the specimen.
However, changes in specimen geometry give rise to distinct differences in this mechanical
behaviour. Therefore an in-depth study of the influence of the specimen geometry (see figure
2.13) on the stress-strain behaviour is conducted. This study comprises a large experimental
part, where in total seven different geometries are tested [52]. The CMnAl-TRIP-LC steel
sheet is used as specimen material (see section 4.1.1). On these geometries 45 experiments
with strain rates ranging from 670s−1 to 1350s−1 have been performed.
In order to get an in-depth understanding of the observed phenomena, finite element simu-
lations of the response of the different specimens are indispensable. Moreover, the inherent
shortcomings of the experiments, such as the possible scatter on the experimental results
and/or the inaccuracies and limitations of the measurements, can be easily overcome by
numerical simulations. Based on this combined experimental/numerical approach an ap-
propriate specimen geometry is selected. To this purpose, the actual distribution of the
deformation along the length of different specimen geometries during Hopkinson experiments
is measured [53].
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Figure 2.13: Dog bone-shaped specimen geometry
Some generally accepted assumptions used for processing the Hopkinson experiments are
examined as well using this model. One of these assumptions is that the Hopkinson experiment
yields the material behaviour. But the experiments clearly show that the specimen geometry
has a non-negligible influence on the stress-strain curves. Other assumptions are related to
the specimen deformation:
• the transition zones do not contribute to the total deformation, all deformation is con-
centrated in the central zone;
• stresses and strains are homogeneous in the central zone.
Conclusions and recommendations
In the articles [53] [52] the research on the specimen geometry is extensively documented and
the conclusions are summarized here:
• A Hopkinson experiment does not yield the specimen material response, but the com-
bined response of the specimen (with its specific geometry), the specimen material and
the experimental configuration. Commonly neglected non-axial stresses have a major
influence on both the specimen response and the accuracy of the classical method used
to extract strain and strain rate from the waves recorded during an experiment. These
non-axial stresses are dependent on both the geometry and, diameter and material of
the Hopkinson bars.
• The assumptions related to the deformation behaviour of the specimen, the simulations
confirm the experimental observation that the contribution of the deformation of the
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transition zones to the total deformation of the specimen is not negligible. Classically,
the deformation of the transition zones is added to the deformation of the central zone,
resulting in an overestimation of the strain in the central zone.
• Neither the strains, nor the stresses are homogeneous in the central zone of the specimen.
Consequently, the history of the stress and the strain of the specimen material is a
fictitious notion. Only, in a limited zone around the center of the specimen, stress
and strain can be considered to be homogeneous. The extent of this zone is strongly
dependent on geometrical parameters: primarily on the length/width ratio of the central
zone, and after that on the radius of the transition zones.
• A Hopkinson experiment, as generally accepted, cannot provide accurate information
on the material behaviour during the early stage of loading:
1. the high contribution of the deformation of the transition zones during elastic
deformation leads to highly overestimated strain values,
2. structural effects give rise to a delay between the established and actual onset of
yielding,
3. the onset of yielding gives rise to the high non-axial stresses in geometries with a
low length to width ratio resulting in yield stress levels significantly higher than
the actual uni-axial yield stress,
4. the established deformation values at the early stage of plastic deformation are
again determined by both the material and geometry of the specimen.
The choice of the most appropriate specimen geometry is closely related to the requirements
rising from both fundamental and practical considerations. Since it is the explicit purpose
of a Hopkinson experiment to obtain the material response to a uni-axial tensile loading,
stresses and strains have to be uni-axial and homogeneous in a sufficiently large zone of the
specimen. The major advantage of a Hopkinson experiment is the straightforward calculation
of the history of the stress, strain and strain rate in the specimen. Stress and strain are
calculated, independently from each other, from measurements on the Hopkinson bars. No
complicated and time-consuming measurements on the specimen itself are needed, and no
previous assumptions have to be made on behalf of the specimen behaviour. Evidently, it is of
utmost importance that the obtained stress and strain histories are an accurate representation
of the real stress and strain in a zone around the center of the specimen where the desired
homogeneous, uni-axial stress and strain field is obtained.
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In view of these requirements, for the material considered here, a geometry with a gauge
length L of 5 mm, a width W of 4 mm and a radius R of 1 mm is the most appropriate
specimen geometry:
1. near the center of the specimen a zone, sufficiently large in view of the microstructural
dimensions of metals, exists where the desired stress and strain state is obtained,
2. the deformation of the transition zones is such that it actually allows for the lower
deformation near the ends of the central zone, consequently, the classical strain is an
excellent and conservative approximation of the strain in a zone around the center of
the specimen
3. the extracted stress history is close to the uni-axial stress level.
However, it should be emphasized that the validity of the conclusions is limited to materials
having a behaviour resembling the material considered here.
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2.3 Aim: Dynamic Constitutive Modelling
The strain rate and temperature dependent material behaviour cannot be described in a gen-
eral way. Various types of constitutive relations have been proposed to describe this behaviour.
The most commonly used constitutive equations that describe the dynamic behaviour of ma-
terials, relate the (true) flow stress σtrue with the (true) plastic strain true,p. Strain rate
sensitivity is expressed in terms of hardening and also a thermal softening term is needed (see
section 2.2.3 and equation 2.10). For each value of strain, the according temperature has to
be considered and integrated in the model.
Several constitutive equations that describe the dynamic behaviour of steel are available. The
most commonly used material models are briefly discussed in this section. The models can
be divided into three major groups, based on the necessary material properties to describe
the constitutive relation of the material. First of all there are the empirical or phenomenolog-
ical models which are based on readily available macroscopic material properties (e.g. yield
strength). These phenomenological models present the advantage to have few parameters and
some are already implemented in FE codes.
A totally different group are the micro-mechanical models, which are based on the micro-
mechanics of the materials and use properties such as grain size, dislocation density, etc. These
models are more difficult to implement in FE codes and usually contain a lot of parameters.
Yet, they give a clear insight in the material and the transformation. The third category
contains models which are a mixture between the phenomenological and micro-mechanical
approach. These models can be named semi-phenomenological and have a solid physical
base. All the validated material models can then be used for crash worthiness analysis in the
automotive industry.
2.3.1 Phenomenological models
The empirical or phenomenological models account for the (visco)plastic behaviour and ther-
mal softening of steel at higher strain rates. The proposed models are based on readily
available macroscopic parameters and consider the typical conditions during high strain rate
loading, i.e. strain hardening, strain rate hardening and thermal softening.
• One of the most simple and widely used constitutive equations is provided byHollomon
[54] [55]:
σtrue = K εntrue,p (2.11)
This relationship is commonly used to model quasi-static stress/strain curves and nu-
merous variants exist (e.g. Voce [56], Ludwik [57], Swift [58], etc.). One of these is
formulated by Ramberg and Osgood [59] and is available in the FE-code ABAQUS:
true,p =
σtrue
E
+
(σtrue
K
)n
(2.12)
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Yet these equations do not account for the strain rate and temperature dependency.
The extended, strain rate dependent, version of the Hollomon model is written as [60]:
σtrue = K εntrue,p ε˙
m (2.13)
• The well-known Cowper-Symonds model [61]
σ (, ˙) = σ0 ()
[
1 +
(
˙
C
)n]
(2.14)
is frequently used to describe the strain rate dependency of high strength steels, no
temperature effect is taken into account. σ0 represents a description of the initial
yield stress. Alves [62] shows that, while the Cowper-Symonds equation can accurately
describe the strain rate dependency of the flow stress σ0, yet it yields poor results when
predicting other stress levels (like the failure strength XT ). Alves explores an empirical
constitutive equation to correlate stress, strain and strain rate for a wide range of stress
levels σ:
σd
σs
= 1 +
σ
σs
(
˙
˙0
)n
(2.15)
where σs and σd are the static and dynamic equivalent stress.
• However, the most frequently used constitutive equation to describe the dynamic be-
haviour of metals, is the Johnson-Cook model [63] [64]. Johnson and Cook suggested
a constitutive model for materials subjected to large strains, high strain rates and high
temperatures, giving a linear increase of the true stress σ with the logarithm of the strain
rates ˙. This equation comprises three factors: strain hardening, strain rate hardening
and thermal softening.
σtrue =
(
A+B ntrue,p
) (
1 + C ln
˙
˙0
) (
1−
[
T − Troom
Tmelt − Troom
]m)
(2.16)
where ˙0 is a reference value of the strain rate, T the temperature, Tm is the melting
temperature and Troom is the room temperature. The parameters A, B and n can be
obtained from quasi-static experiments, where the value for C and m are derived from
high strain rate experiments. Generally, the linear approximation underestimates the
flow stress at low strain rates (˙ < 1s−1), and overestimates the stresses for 1s−1 < ˙ <
5000s−1 [65] [66] [67].
A more accurate description is provided by the modified Johnson-Cook model [65] [68]
with quadratic interpolation:
σtrue =
(
A+B ntrue,p
) [
1 + C1 ln
˙
˙0
+ C2
(
ln
˙
˙0
)2] (
1−
[
T − Troom
Tmelt − Troom
]m)
(2.17)
Still, the significant decrease of rate sensitivity with increase of strain, is not described.
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• To overcome the disadvantages of the Johnson-Cook model an extension of the classic
Ludwig law is proposed [66]. The strain rate dependency has been taken into account
by the parameters A, B and n and a thermal softening term is added. Unlike in the
Johnson-Cook model, the temperature term, is reduced to a linear form for simplicity.
According to Ludwig [66], this is acceptable because the temperature variation range is
quite limited (maximum 100◦C around room temperature) in real applications e.g. car
crashes.
σtrue =
[
A (˙) +B (˙) n(˙)true,p
]
(1− µ∆T ) (2.18)
with
A (˙) = a1 + a2 log
(
˙
˙0
)
+ a3
[
log
(
˙
˙0
)]3
(2.19)
B (˙) = b1 + b2 log
(
˙
˙0
)
+ b3
[
log
(
˙
˙0
)]0.5
(2.20)
n (˙) = n1 + n2 log
(
˙
˙0
)
+ n3
[
log
(
˙
˙0
)]3
(2.21)
Although this description is more accurate than the Johnson-Cook model, the parameter
identification is much more cumbersome.
• The phenomenological Zhao model [66] [69] is based on the physical model proposed
by Tanimura [70]. A strain rate hardening component is added to the classic hardening.
The thermally activated flow mechanism is represented by the linear increase with the
logarithm of strain rates and viscous drag is described by a power function, commonly
used for viscoplasticity. A linear thermal sensitivity is used (cf. equation (2.18)).
σtrue =
[
A+B ntrue,p +
(
C −D mtrue,p
)
ln
˙
˙0
+ E ˙k
]
(1− µ∆T ) (2.22)
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2.3.2 Semi-phenomenological models
The previous constitutive relations are quite general and it can be imagined that an improve-
ment of the constitutive relations for individual materials will lead to a better description of
the behaviour. Furthermore the deformation theory and the knowledge of the dislocation-
mechanisms, for example, are not described by these simple phenomenological equations.
Therefore, semi-phenomenological models are developed which take these into account. A
drawback of these models is that several new parameters need to be determined using micro-
mechanical observations and testing techniques.
• The Zerilli-Armstrong model [71] is a dislocation-mechanics-based constitutive re-
lation. The effects of strain hardening, strain-rate hardening and thermal softening
have been incorporated into a reasonably accurate constitutive relation for fcc and bcc
materials. The original expression for face-centered cubic materials is:
σtrue = ∆σ′g + c2 
1/2
true,p exp (−c3T + c4T ln ˙) +
k√
l
(2.23)
For body-centered cubic materials the expression is:
σtrue = ∆σ′g + c1 exp (−c3T + c4T ln ˙) + c5ntrue,p +
k√
l
(2.24)
Here, ∆σ′g is due to the effect of solutes and initial dislocation density, l is the average
grain diameter and k is the microstructural stress intensity. This model is then further
modified in [68], [72], etc.
• Yet another constitutive relation to describe the thermo-viscoplastic behaviour of steel
is developed by Rusinek and Klepaczko [73]. The plastic flow stress as a function of
strain, strain rate and temperature is given by the following expression:
σtrue (true,p, ˙, T ) =
E(T )
E0
[σµ (true,p, ˙, T ) + σ∗ (true,p, ˙, T )m] (2.25)
In this formulation, the stress is presented as an addition of the internal stress σµ,
directly related to the strain hardening of the material and the effective stress σ∗, which
defines the contribution of thermal activation (combination of temperature and strain
rate). Since this relation is designed to be applied in a wide range of temperatures,
both stress components are normalized by the relative temperature variation of the
Young’s modulus E(T )/E0. E(T ) is the temperature dependent Young’s modulus and
is expressed based on physical considerations [74]:
E(T ) = E0
{
1− T
Tm
exp
[
θ∗
(
1− Tm
T
)]}
(2.26)
where θ∗ is the characteristic homologous temperature and can be seen as a material
constant which is obtained experimentally, E0 is the Young’s modulus at T = 0K.
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The internal stress σµ (true,p, ˙, T ) is defined as
σµ = B (˙, T ) (0 + true,p)
n(˙,T ) (2.27)
where B (˙, T ) is the plasticity modulus and n(˙, T ) is the strain hardening exponent,
0 is the strain characterizing the yield stress. The explicit expression for the plasticity
modulus is given by
B (˙, T ) = B0
[(
T
Tm
)
log
(
˙max
˙
)]−ν
(2.28)
with B0 the plasticity modulus at T = 0K, ν is the temperature sensitivity parameter,
the constant ˙max defines the upper limit of the strain rate.
The formula for the strain hardening exponent n(˙, T ) is given by
n(˙, T ) = n0
[
1−D2
(
T
Tm
)
log
(
˙
˙min
)]
(2.29)
with n ≥ 0 ∀T, ε˙.
Where n0 is the strain hardening exponent at T = 0K, D2 is a material constant and
˙min is the lowest permitted strain rate the model.
Finally the effective stress σ∗ (true,p, ˙, T ) is given by the formula
σ∗ = σ∗0
[
1−D1
(
T
Tm
)
log
(
˙max
˙
)]m
(2.30)
with ˙ 6= 0 and σ∗ ≥ 0.
Where D1 is a material constant, m characterizes the temperature and strain rate
sensitivity and σ∗0 is the threshold stress at T = 0K.
To take into account the temperature increase for each step of plastic deformation, the
heat equation (2.10) is used [73].
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2.3.3 Micro-mechanical models
From a mechanical point of view TRIP steels are composite materials and their behaviour can
only be well understood if this composite behaviour is taken into account. On a fundamental
level, the deformation of multiphase TRIP steel at high strain rates is the result of two
interacting processes: a work hardening process and a temperature related softening effect
which results from adiabatic heating. A micro-mechanical model aims to take into account
all physical implications of these two effects.
A recently developed model has given a good description of the static behaviour of TRIP
steels [75]. The micro-mechanical modelling is based on a multilevel approach where the
multiphase TRIP steel is decomposed in its different constitutive phases (figure 2.14). The
TRIP steel consists of two main constituents: polygonal ferrite and bainite. The bainitic
constituent can, in turn, be decomposed into bainitic ferrite and the martensite/austenite
(M/A) constituent. Finally, the M/A constituent is a two-phase mixture of retained austenite
and martensite. Each of the two phases is linked to each other with a two phase Gladman-type
mixture law [76].
Figure 2.14: Successive application of the micro-mechanical model to obtain the TRIP behaviour
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The contribution of each separate phase can now be modelled based on the experiments done
on these constituent phases (see section 4.2.2). The strength of each separate constituent
phase results from different contributions, which can be added:
σtrue,p = σP + σSS + σρ,g + σth (2.31)
The flow stress is decomposed in the sum of an a-thermal part and a thermally activated
component (σth). The a-thermal stress consists of the Peierls stress (σP ), a solid solution
strengthening component (σSS) and the dislocation and grain size effect (σρ,g).
• σP is the intrinsic strength of the material due to the Peierls or lattice friction which
the dislocations experience when moving on their gliding plane. Literature data [77]
shows that σP has a value of 75MPa for iron based alloys.
• σSS is the stress resulting of the solid solution hardening. In the case of TRIP steels, σSS
mainly represents the effect of the Si, Al and Mn that results in a permanent increase
in yield, flow and tensile stress. This is due to the continuous interaction between the
dislocations that glide and the solutes present on the gliding plane.
• σρ,g represents the accumulated strengthening effects of the grain size and the dislocation-
dislocation interactions when the dislocation density is increasing. The grain size and
dislocation interactions effect have been considered in detail in [75]. In order to model
the resulting stresses, the Mecking-Kocks theory is associated with a Taylor law [78] [79]
dρ
M dε
=
1
λb
+
k
b
√
ρ− fρ (2.32)
σρ,g = σ0 + αM Gb
√
ρ (2.33)
In these equations, σ0 is the initial flow stress, ρ is the dislocation density, b is the
burgers vector, λ is the mean free path for dislocations, M is the Taylor factor, G is
the shear modulus, α is a numerical factor that characterizes the dislocation-dislocation
interaction, k and f are fitting parameters. For polygonal bainitic ferrite λ is assumed to
be equal to the grain size. For the M/A constituent the following equation is used [75]:
λ = dγ 3
√
1− fα′ (2.34)
where fα′ is the martensitic volume fraction, determined by an Olson-Cohen law [80].
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• The thermally activated component of the flow stress, σth, is necessary when modelling
high strain rate deformation and is determined by the Seeger-Kocks approach [81]:
σth =

σˆ
1−
− KT
G0 ln
γ˙
γ˙T

1
q

1
p
for T ≤ Tc
0 for T > Tc
(2.35)
In this equation, G0 represents the energy of the Peierls barrier; K is the Boltzman
constant, T is the temperature, γ˙ is the slip rate, σˆ is the threshold stress (i.e. the
mechanical stress required to cross the barrier without any thermal activation), p and q
are two parameters that represent the geometry of the Peierls barrier and Tc is the crit-
ical temperature that separates short range from long range interactions. The adiabatic
heating, which occurs during high strain rate deformation, is determined by equation
(2.10).
More in-depth information, results and discussions on this micro-mechanical model can be
found in the following publications of J. Bouquerel: [75] [82] [83] [84].
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Experimental characterization procedures
To characterize the high strain rate tensile properties of sheet steels a Split
Hopkinson Tensile Bar (SHTB) setup is normally used. Yet, more advanced test-
ing methods can offer an even better insight in the mechanical properties of the
studied materials. In this chapter an overview is given of the specially developed
dynamic testing techniques. These advanced techniques are not straightforward
even if some are based on the existing split Hopkinson tensile bar where some fea-
tures are altered (strain rate jump, increased testing temperature and interrupted
experiments at a certain level of strain). The two other experimental methods
complete the tensile testing program with compression and bending experiments
on sheet steels. Next to these more advanced setups an overview is given of the
quasi-static tensile tests and the methods used to characterize the microstructure
of the tested materials.
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3.1 Quasi-static tensile tests
In order to characterize the (quasi-) static behaviour of the investigated materials standard
tensile tests are carried out using a screw driven electromechanical Instron type 5569 (see
figure 3.1) with a load capacity of 50kN. The tensile tests are performed according to the
European standard specifications EN 10002-1:2001. A conventional A80 tensile specimen,
with a gauge length of 80mm, is used in the tests. The minimum and maximum strain
rates that can be achieved for this specimen type are 10−6s−1 and 0.1s−1 resp. In order
to have a correct determination of the yield strength, the strain rate in the parallel length
of the specimen is kept constant. The strain rate during yielding of the parallel section is
between 0.00025s−1 and 0.0025s−1. After determination of the yield strength, the strain rate
is increased to a strain rate not greater than 0.008s−1. The tensile tests are therefore carried
out with an initial strain rate of 5.6 10−4s−1, which is increased to 5.6 10−3s−1 at 3.4% of
deformation until rupture. An Instron 2630-118 extensometer with a gauge length of 80mm
is used to assess the specimen elongation.
Figure 3.1: The screw driven electromechanical Instron type 5569 with a load capacity of 50kN
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3.2 Advanced dynamic tensile testing techniques
A Split Hopkinson Tensile Bar (SHTB) setup is normally used to characterize the high strain
rate tensile properties of sheet steels. However, in order to get an in-depth understanding of
the mechanical properties more advanced testing techniques are necessary. In the framework
of the presented PhD special techniques are developed for the existing tensile setup, together
with a compression and bending setup based on the Hopkinson principle (see section 3.3 and
3.4). In this section three advanced tensile testing techniques are discussed. These three
techniques are all based on the SHTB principle, yet some features are altered compared
to the classical setup: the strain rate changes during the experiment (section 3.2.1), the
testing temperature is increased (section 3.2.2) and the SHTB experiment is interrupted
at a certain level of strain (section 3.2.3). These non-straightforward techniques can offer
additional information on the high strain rate behaviour of the TRIP steels and especially
on the martensite transformation. Moreover, the data obtained with these techniques are
valuable tools to further validate the material models discussed in section 2.3 and in chapter
5.
3.2.1 Strain rate jump experiments
During standard experiments the generated tensile wave is approximately constant resulting
in a more or less constant strain rate during plastic deformation. During strain rate jump
experiments on the other hand a sudden change in the strain rate is induced in the specimen.
Many studies using the principle of the strain rate jump have been carried out to show
the deformation history effect on the material behaviour and to connect these macroscopic
observations to the microstructure evolution [1] [2] [3]. Since the microstructure is supposed
to have no significant evolution in the course of the rapid change of strain rate, strain rate
jump experiments are particularly important to study constitutive material models. The
variation of stress can thus directly be correlated to the strain rate variation and not to
eventual microstructure evolutions. In the following paragraphs the experimental technique
which enables the decremental strain rate jumps is presented. The results of the experiments
and the comparison between the experimental results and the constitutive relations can be
found in section 6.1.
In order to realize a jump in the strain rate it is necessary to induce a stepped stress wave
in the Hopkinson bars (and thus in the impactor). This can be done by varying the acoustic
impedance of the impactor and thus by varying the cross section of the impactor. When the
wave in the impactor switches to a region with a smaller impedance, a stepped stress wave
will be observed (figure 3.2) [4]. A special impactor with a reduced diameter along a certain
section is therefore developed (see figure 3.3), more details can be found in [4].
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Figure 3.2: Schematic representation of the time history of a stepped stress wave in the input bar
and the corresponding impactor
The length and the diameter of the reduced section of the impactor are determined in the
following way:
• Length: The maximum loading time of the specimen is proportional to the length of
the impactor; for our case the time is limited to 1.2ms. Most often, rupture of the
specimen, however, occurs much earlier, varying from 0.3ms to approximately 0.8ms
(table 3.1). The strain rate jump will occur after a time T1 proportional with the length
L1 of the section with diameter D1. It is opted to have a jump at a strain of about
12.5% in the specimen. From table 3.1 it can thus be concluded that the strain rate
jump needs to be created at about 10% (0.12ms) of the total loading time of 1.2ms.
The diameter of the impactor must therefore be reduced along 90 % of the total length
of the impactor (850mm).
From table 3.1 it is also obvious that in order to clearly observe the strain rate jump,
the type of material and the induced strain rate must be considered with great care. For
TRIP steels exhibiting a low uniform elongation the strain rate jump can occur close to
fracture. For a low strain rate of e.g. 700s−1 the strain rate jump can occur at a strain
of 5%, or sometimes quite close to the yield strength.
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(a)
(b)
Figure 3.3: The special impactor developed to induce a stepped wave in the Hopkinson bars
Strain rate Uniform elongation Time to Time to
at maximum stress fracture 12.5% elongation
(s−1) (−) (ms) (ms)
688.87 0.4579 0.7327 0.200
1129.92 0.4650 0.4707 0.126
1624.50 0.4741 0.3605 0.095
Table 3.1: Uniform elongation and loading time as a function of the strain rate for three experiments
• Diameter: In order to have a significant strain rate decrease, the cross section needs
to be significantly reduced. It is opted for a reduction by 25%. This means that the
original diameter of the impactor (60mm) needs to by reduced by 5mm. This will result
in a decrease of amplitude of the incident wave with ∼ 17%.
The actual stress histories are depicted in figure 3.4. In contrast to the stress histories recorded
during a standard SHTB experiment (figure 2.11), a jump in the beginning of the plateau
occurs in the incident and the reflected wave. The jump is not reflected in the transmitted
wave for the material considered here, thus indicating that the jump has a negligible influence
on the material behaviour of the specimen. More design and practical details can be found
in [4].
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Figure 3.4: The stress histories of the incident, reflected and transmitted wave, recorded on the input
and output bar for a strain rate jump SHTB experiment
3.2.2 Increased temperature SHTB experiments
As discussed earlier in chapter 2 the temperature development in dynamic conditions is higher
than in static tensile experiments. Next to the heat due to plastic deformation, additional heat
is released in a TRIP steel by the exothermic austenite to martensite transformation. During
the test the temperature will gradually change from room temperature to approximately
100◦C.
In order to further validate the strain rate and temperature dependent material behaviour
described by the material models (see section 2.3), it is interesting to alter the test temperature
by performing SHTB experiments at higher temperatures than room temperature. Moreover,
the effect of this additional temperature rise on the material behaviour and the austenite to
martensite transformation can be investigated.
A setup is developed to perform dynamic SHTB experiments at temperatures ranging from
room temperature to 80◦C. This value is typical for the temperature released during dynamic
deformation. Moreover, this is a characteristic value of the temperature shock absorbing parts
may experience close to the car engine.
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(a) (b)
Figure 3.5: Setup for increased temperature test. The specimen is submerged in water or another
liquid at a specific temperature [5]
test design
A practical and straightforward way to implement this test temperature increase is described
in [5]. In figure 3.5 the setup for increased temperature tests can be seen. The specimen
is heated up to the desired temperature using water which is pumped from a thermostatic
vessel. The specimen needs to be submerged in this water for a certain time so that the
specimen can reach an equilibrium temperature. Special care must be taken so that the setup
does not interact with the Hopkinson bars and a special cooling device is needed to guarantee
that the strain gauges measurements are not disturbed.
Since only temperatures up to 80◦C are needed, water is used as fluidum, yet other liquids
can be used for other temperature ranges. The exact time at which the specimen reaches an
equilibrium and the heat loss in the setup is studied experimentally using thermocouples on
the specimen and is extensively discussed in [5]. A temperature loss in the setup of 1.5◦C is
observed and the equilibrium temperature is reached after 2 minutes.
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3.2.3 Interrupted SHTB experiments
During the standard SHTB experiments the maximum time the specimen can be loaded
is approximately 1.2ms. During this time the specimen will deform until fracture. With
interrupted SHTB experiments, however, the specimen is not loaded until fracture but until
a certain deformation level. In this way the microstructure and especially the martensite
transformation at different stages of the plastic deformation can be observed. Moreover, with
this type of experiment the specimen can be gradually loaded to fracture which gives an
excellent opportunity to study the evolution of the microstructure at every step. With a
succession of short adiabatic experiments, where the loading of the specimen is interrupted
and the specimen can be cooled down between two succeeding experiments it is also possible
to obtain an approximation of an isothermal high strain rate experiment (see also section 6.3
and [6] [7]).
Since the loading time of the specimen is proportional to the length of the impactor, a shorter
impactor is necessary to load the specimen until a certain level of deformation.
Moreover, in interrupted SHTB experiments special attention must be paid to the residual
stress waves in the Hopkinson bars. Indeed, the part of the incident wave that is reflected
by the specimen σr travels back towards the specimen after reflection at the anvil (see figure
3.6). A similar observation can be made for the output bar, where the transmitted wave
travels back to the specimen after reflection at the free end of the output bar. These waves
can cause an additional loading of the specimen. A system must thus be developed to absorb
these waves for interrupted SHTB experiments.
Figure 3.6: Waves causing additional loading of the specimen after the actual SHTB experiment
Literature review
Reports of interrupted Hopkinson tensile tests can be found in literature and two main meth-
ods can be distinguished. The first method is the most widely used and is developed at the
University of California, San Diego (UCSD) by Nemat-Nasser [6]. This technique is based on
the absorption of the reflective waves in the Hopkinson bars thus eliminating any additional
loading of the specimen. The second method is used at the Escuela Polite´cnica Superior,
Universidad Carlos III de Madrid (UCIII). Gonza´lez Lezcano and co-workers [7] developed a
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test setup where the strain can be limited to a certain value using a so-called stopper ring [8],
yet the reflective waves still remain in the Hopkinson bars.
Considering the accuracy of the tuning of both setups and using a finite element simulation of
the UCSD-technique, a comparison of the performance of both techniques is presented in [9].
The main conclusion is that the UCSD technique is preferable above the UCIII technique.
The remaining stress waves in the Hopkinson bars, the plastic deformation of the stopper ring
and the difficult practical implementation are the main disadvantages of the UCIII technique.
Therefore the UCSD technique was chosen for use on the Hopkinson setup at Ghent University.
Description of the UCSD technique
The UCSD technique employs a momentum trap bar to capture the pressure wave that is
reflected by the specimen back to the anvil of the input bar. This is done by placing a bar
with exactly the same mechanical impedance as the Hopkinson bars close to the anvil. The
absorption of this reflective wave prevents a second loading of the specimen, if the specimen
is not loaded until fracture. More information on this technique can be found in [6] and [10].
In figure 3.7 on the left a schematic representation of the test principle is given for interrupted
tensile experiment using the UCSD technique. The events that occur during the experiment
are divided into four phases:
1. In phase (i) the impactor hits the anvil that is mounted on the input bar. The anvil
moves during this impact over a certain distance, causing it to close the initial gap
between anvil and momentum trap bar.
2. In phase (ii) the generated stress wave moves to and from the sample.
3. In phase (iii) the wave is absorbed by the momentum trap bar.
4. In phase (iv) eventually, the absorber moves away from the anvil, carrying all energy in
it.
The right side of figure 3.7 shows the resulting wave form in the incident bar. The incident
tensile wave (negative!) is followed by a positive reflective wave. After reflection of the latter
stress wave, only low amplitude residual stress waves remain in the input bar. Several other
research centers have used the experimental technique developed by UCSD [11] [12] [13] [14].
However few research results can be found in literature. All authors point out that the
distance between the input bar and the momentum trap bar plays a crucial role.
A similar technique can be applied for the residual stress waves in the output bar. A momen-
tum trap bar can be placed close to the anvil attached on the output bar in order to absorb
the transmitted wave. In this case the momentum trap bar has the form of a tube and is
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Figure 3.7: Principle of the UCSD technique and the resulting wave form [6]
placed around the output bar. An initial good contact between the momentum trap bar and
the output bar is an essential requirement for absorbing the residual stress waves.
SHTB for interrupted experiments: theoretical remarks
From the previous paragraph it is clear that a good absorption of the reflected and transmitted
wave is crucial. The distance between the momentum trap bar and the input bar anvil is
very important for a successful interrupted Hopkinson experiment. When the gap between
momentum trap bar and anvil is too big, the reflected wave in the input bar will not completely
be absorbed, causing an additional deformation of the specimen. When the gap is too small,
contact will be made between the momentum trap bar and the anvil during impact. This
premature contact will cause a disturbance of the incident wave on the one hand, leading to a
stepped incident wave with a lower amplitude than aimed for. The contact will on the other
hand move the momentum trap bar away from the anvil, consequently a part of the reflected
wave in the input Hopkinson bar will not be absorbed. This also leads to the re-loading of
the specimen.
Although the selected UCSD technique seems straightforward, many parameters have their
influence on the eventual result. In [9] the effect of several of these parameters is studied in
depth using both experimental data as well as numerical simulations of the setup.
1. Uncertainty of the exact impactor velocity: due to friction inside the pneumatic
accelerator and other parts of the setup, the velocity of the impactor deviates from the
calculated value. Since knowledge of the exact velocity is indispensable to calculate
the gap needed between the anvil of the input bar and the momentum trap bar, a
more accurate assessment for the velocity is worked out taking the kinetic energy of the
impactor into account.
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2. Variation of the elastic properties of the impactor and momentum trap:
because of its low wave propagation velocity, ertalon is used for both the impactor
and momentum trap bars. Ertalon however exhibits a modulus of elasticity that varies
with humidity. Completely dry ertalon can have a stiffness of 3250MPa, in contrast
to the more widely accepted value of 2567MPa. The variation of the E-modulus of
the impactor has an influence on the amplitude of the incident wave and consequently
on the travelling distance of the anvil. This variation also affects the impedance of
the momentum trap and consequently a match with the impedance of the input bar is
impossible. The use of a momentum trap bar with constant properties or with properties
that vary equally with the Hopkinson bar properties on the other hand guarantees to
have the same impedance as the Hopkinson bar in all conditions
3. Contact between the anvil and the momentum trap: a good contact is essential
in order to have a good absorption of the stress waves. Various factors influence the
quality of this contact: the alignment, the roughness, the flatness and the parallelism
of the contact surfaces, etc. The experiments have led to several points of particular
attention. The use of a momentum trap bar with the same diameter and material as
the Hopkinson bars yields better absorption results. Because of the smaller diameter
of an aluminium momentum trap bar than the ertalon momentum trap bar, the effect
of a slant contact surface is reduced (figure 3.8(a)). In reality a slant contact surface
between anvil and momentum trap bar is very difficult to eliminate and the contact
between the two components needs to be very accurately examined (see figure 3.8(b)).
The distance between anvil and momentum trap bar is very difficult to fix correctly and
residual stress waves are most likely in the Hopkinson bars. The stress in the specimen
caused by these residual stress waves therefore needs to be limited to the yield strength of the
material so any plastic deformation is avoided. In [9] calculations for an acceptable amplitude
of the residual stress waves in Hopkinson bars are given as a function of the wave length.
The use of an aluminium momentum trap bar with the same diameter as the Hopkinson bars
can thus improve the quality of the interrupted Hopkinson experiments. Indeed, not only
an exact match of the impedance is guaranteed in all conditions, moreover better contact
between the anvil and the momentum trap bar is assured. However, setting the aluminium
momentum trap bar too close to the anvil of the input bar has serious negative effects on
the experimental results. Too big gaps can lead to acceptable experimental results. A short
impactor or low velocity implies that the distance between anvil and momentum trap bar
becomes small, as a result of which the absolute error of the positioning system will cause
relatively larger errors. The conclusion is that the gap has to be set with an accuracy of at
least 50µm. With an accuracy of 20µm a very reliable result can be obtained.
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(a) (b)
Figure 3.8: Schematic (exaggerated) of the effect of a slant contact surface for an aluminium and a
ertalon momentum trap bar (a) and visual examination of the contact between the anvil
and the aluminium momentum trap bar [9] (b)
Although previous considerations show the advantages of the use of an aluminium momentum
trap bar, an ertalon trap bar is used for the experiments described in section 6.3. During these
experiments only the first wave passage is considered and a perfect absorption of the residual
stress waves is therefore not a priority. The accuracy obtained with the ertalon momentum
trap bar is therefore sufficient.
Interrupted experiments: test design
In the following section practical aspects of the split Hopkinson tensile bar setup for inter-
rupted experiments available at Ghent University will be discussed. First the positioning
system of the anvil will be discussed, followed by a brief discussion of the implementation of
the new developed impactor. A more in depth discussion can be found in [9].
• Positioning system: The distance between the anvil and the momentum trap bar
needs to be set depending on the incident wave with great accuracy. Important is also
that, during the experiment itself, the anvil and the momentum trap bar need to be
able to move freely with respect to each other. While up to some milliseconds before
the impactor hits the anvil, the distance between these two components needs to be
constant, disturbing vibrations due to the acceleration of the impactor should not be
able to change this distance.
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(a) (b)
Figure 3.9: The positioning system of the anvil and momentum trap bar
A mechanism is developed that can adjust the distance between anvil and momentum
trap bar within the desired accuracy of at least 50µm. Electromagnets are chosen to
adjust the distance between the absorber and the anvil. This allows the absorber and
anvil to be fixed until milliseconds before the actual impact of the impactor on the anvil
without exerting forces during the actual experiment.
The complete design of the positioning system is schematically presented in figure 3.9(a).
The design allows a quick, easy and accurate positioning of the mechanism with respect
to the anvil and momentum trap bar (not shown in the figure). In figure 3.9(b) the
absorber and anvil are shown with the small ferromagnetic discs mounted on it.
• Impactor: During standard Hopkinson tensile experiments the duration of the load
is 1.2ms. For the interrupted experiments lower load durations are necessary. This
can be done by working with a shorter impactor made out of Ertalon. Due to its the
limited length (20cm), the new impactor is not guided any more during its acceleration.
Therefore an adapter was developed to ensure a correct guidance of the small impactor.
This adapter is made of polypropylene, which is very light though still offers enough
resistance against the subjected forces. The adapter and the impactor for interrupted
experiments can be seen in figure 3.10.
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Figure 3.10: Enlargement of the small impactor using an adapter (yellow) in the interrupted SHTB
experiments
In figure 3.11 results of an experiment using the above described technique are shown. The
incident and reflected waves are followed by very little remnants of the absorbed wave. The
experiment was performed with an aluminium momentum trap bar.
Figure 3.11: Incident and reflected wave of an interrupted split Hopkinson tensile bar experiment
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(a) (b) (c)
Figure 3.12: High speed video recording of a compression of a sheet specimen experiment loaded in
the plane of the sheet: buckling occurs in the early stage of loading
3.3 High strain rate split Hopkinson pressure bar
Although a split Hopkinson tensile setup is the most appropriate to test metal sheets at high
strain rates, for bulk materials a Split Hopkinson Pressure Bar (SHPB) is the most widely
used [15] [16] [17] [18] [19]. The use is more straightforward and several practical aspects,
such as the pneumatic launcher, the specimen positioning, etc. are easier to develop. For
sheet materials however, this compression setup is not often used because most specimens,
when loaded in the plane of the sheet, tend to buckle in the early stage of loading and no one-
dimensional compression can thus be achieved (figure 3.12). Yet, these, for sheet materials,
more difficult dynamic compression tests can offer valuable information on the behaviour and
for the modelling of the sheet materials (see chapter 7).
A schematic representation of a SHPB setup is given in figure 3.13. The setup mainly consists
of an impactor that is accelerated by a pneumatic launcher and that generates a compressive
wave in the input bar. The specimen is put between input and output bar. The progress of
the experiment is similar to the SHTB test and the measured signals are processed in the
same way (see section 2.2.3).
Figure 3.13: Schematic representation of the Split Hopkinson Pressure Bar (SHPB) setup
In this section a short overview will be given of the SHPB setup available at Ghent University.
Afterwards a specially developed steel sheet specimen that is used for compression experiments
is described.
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(a)
(b)
Figure 3.14: The CP steel safety plates used to protect the Hopkinson bar ends from indentation
after a series of experiments
3.3.1 The SHPB setup: test design
The SHPB setup is developed as an extension of the already available tensile setup. The same
frame, support and bearings are used for the Hopkinson bars and the pneumatic launcher for
the pressure setup is attached to the frame of the pneumatic tensile accelerator. By keeping
the frames of the accelerator and bars separated, vibrations caused by the accelerator are
not transferred to the Hopkinson bars. Moreover the same aluminium Hopkinson bars can
be used for the SHPB experiments, although there is a risk of indentation of the Hopkinson
bar ends in contact with the specimen. These Hopkinson bar ends are therefore protected
by additional bar ends and safety plates. The additional bar ends are made out of hardened
aluminium, they have the same diameter, and thus impedance, as the Hopkinson bars and are
kept as short as possible. The safety plates are thin plates which are glued to the additional
bar ends and are made out of complex phase steel with a high yield stress (see figure 3.14).
In appendix A more details can be found.
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The pneumatic launcher of the pressure setup consists of a steel cylinder in which the nylon
impactor (ERTACETAL H) is placed. The impactor is thus also used as plunger and ac-
celerates when the compressed air is added. In figure 3.15 a representation of the impactor
is given, note the guidance rings on the impactor. These rings decrease the friction in the
pneumatic launcher causing good guidance, yet sufficient sealing. The launcher is attached to
the frame using special designed clamps that assure horizontal and vertical adjustment of the
setup. Special fine tuning elements are added to ensure the alignment of the accelerator with
the Hopkinson bars. Figure 3.16 illustrates the attachment of the launcher to the Hopkinson
frame. A more detailed description can be found in the following master thesis’s [20] [21] [22].
Figure 3.15: Representation of the impactor used in the Split Hopkinson Pressure Bar (SHPB) ex-
periments
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Figure 3.16: Mounting of the pneumatic launcher of the Split Hopkinson Pressure Bar (SHPB) set-
up [22]
It is obvious that a correct alignment of the pneumatic launcher, the impactor and the Hop-
kinson bars is essential for a good wave build up. In figure 3.17 the slide is shown which guides
the impactor towards the input bar, thereby ensuring an incident compressive wave with a
constant amplitude. This attachment on the accelerator also prevents multiple impacts on
the input bar [22].
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Figure 3.17: Slide mounted on the pneumatic launcher to ensure a good compressive wave build
up [22]
3.3.2 Specimen geometry
Cylindrical specimens are preferred for dynamic compression experiments on bulk materials.
However, different opinions exist on the ideal dimensions of the specimen. The geometry
must offer a one dimensional, homogeneous stress together with a uniform strain distribution.
Moreover the specimen geometry influences the friction force on the contact surfaces between
the specimen and the Hopkinson bars and the inertial effects in the specimen.
• Friction on the extremities
Friction has a major influence on the results obtained in SHPB experiments. Indeed,
due to friction the stresses in the specimen are no longer uni-axial and lubrication is thus
very important. Zencker and Clos found that only very low friction coefficients µ ∼= 0.01
are acceptable [23]. Lichtenberger, Lach en Bohmann on the other hand determined
the influence of lubrication experimentally [24]. For a steel specimen (XC45) a friction
coefficient was obtained of 0.150 (dry) to 0.025 (lubricated). It was also observed that
this friction coefficient decreases with increasing strain rate. The lowest values are
obtained with a mixture of graphite and oil. Copper grease is also used for lubrication
of the contact surfaces [25]. Moreover, the specimen geometry plays an important role
for the friction: a higher height/diameter ratio (h/d) decreases the influence of the
friction. The friction itself is not influenced.
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• Axial and radial inertia
Due to the high acceleration of material particles inertia forces cause an important
deviation of the uni-axial stress condition. In order to minimize the inertia effects
Davies and Hunter [15] propose the following relation:
h
d
=
√
3
2
νs (3.1)
where νs is the effective poisson coefficient under test conditions, for metals under plastic
deformation this is 0.5. Samanta [16] repeated the analysis and re-calculated the relation
to: hd =
√
3
4 , which is the same relation as equation (3.1) for plastically deforming metals.
These equations were obtained in the assumption of uniform deformation, which is not
entirely realistic due to, for instance, friction [23].
• Homogeneity of the stress
The classic equation (2.5) to calculate the stress in the specimen, assume a uniform stress
condition in the specimen in the axial as well as in the radial direction. Nevertheless, this
radial homogeneity is not assured (see section 2.2.4) in the beginning of the experiment.
Specimens with a lower height will attain the homogeneous axial stress state earlier
than larger specimens. Due to the larger deformations in steel specimens, this is less
important. The homogeneity of the radial stresses is influenced by the friction at the
contact surfaces and by the deformation at the extremities of the Hopkinson bars.
Other researchers abandon the idea of cylindrical specimens to reduce frictional and inertia
effects [19]. They use dog bone specimens with a high h/d ratio, up to 2.18 in [26], as in
tensile experiments (see paragraph 2.2.4). Due to this high h/d ratio however, the possibility
of buckling increases. Moreover, for dog bone specimens the influence of the clamping of the
specimen needs to be taken into account. However, the use of these specimens is not fully
understood yet and cylindrical specimens are still preferable. Table 3.2 shows some geometries
for SHPB experiments available in literature. Db represents the diameter of the Hopkinson
bars. As can be seen most authors use a h/d ratio close to unity.
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geometry diameter height hd
d
Db
material tensile or source
(mm) (mm) (-) (-) compression
cylinder 10 11.5 1.15 - Ti6Al4V compression [27]
dog bone 7 8 1.14 0.35 35NCD16 compression [19]
cylinder 10 8 0.5 0.625 Al and PMMA compression [17]
cylinder 9.5 2.6 - 4.5 0.27 - 0.47 0.6 Al compression [25]
cylinder 10 10 1 0.79 alulight compression [18]
cylinder 12.5 12.5 1 - PVC foam compression [28]
dog bone 3.2 7 2.18 - Remco Iron tensile [26]
dog bone 3 5 1.66 - Weldox tensile [29]
dog bone 4 8 2 0.33 - both [30]
Table 3.2: Dimensions and properties of the specimens available in literature
3.3.3 SHPB steel sheet specimens
TRIP steels are produced as thin steel sheets which makes the straightforward production
of cylindrical specimens impossible. If these sheets are directly tested in compression, the
high h/d ratio and the smallest alignment error will cause the buckling of the specimen (see
figure 3.12). A first possibility to avoid buckling is to support the specimen in the transverse
direction. Attention must be paid that this support does not influence the stress condition
in the specimen. This method was used in [31], where a composite specimen is supported by
a honeycomb structure which ensures a high stiffness in the transverse direction and a very
low stiffness alongside the specimen (see figure 3.18).
Figure 3.18: Honeycomb structure for support of the specimen [31]
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Developing this kind of support for a steel or metal structure where large plastic deformations
are reached is far from obvious and another way to avoid buckling is used. A massive block
of material is obtained by glueing the thin steel sheets together. From this piece of material
a cylindrical (or even a dog bone shaped) specimen with the appropriate dimensions can
be produced. The larger cross section prevents the specimen from buckling. Unfortunately,
literature offers few or limited information [32] on these sandwich specimens.
The production of these sandwich cylinders is however not straightforward. Special attention
must be drawn to the temperature development within the specimen during manufacturing.
The machining needs to be done with great care not to alter the transformation properties of
the TRIP microstructure. The production starts from small TRIP steel sheets with a length
of 90mm, a width of 25mm and a thickness of 1.39mm. These sheets are then glued together
using cyanoacrylate glue (super glue). Conventional machining techniques (turning, sawing,
polishing, etc.) are then used to create the cylindrical specimens.
In figure 3.19 an overview is given of the tools and the production process of a range of
specimens used in the experiments. In figure 3.19(a) two production tools can be seen in
order to obtain a high quality and reproduceable specimen. On the left a sawing tool is
represented that ensures reproduceable specimen lengths and low forces on the specimens
during production. On the right a grinding aid is shown that helps for a high finishing of the
specimen ends.
In figure 3.19(b) the different steps in the production process can be seen. From left to
right: the glueing of the small TRIP steel sheets, the glued steel sheets, the machining of
a rectangular specimen, the turning of the rectangular specimens into cylindrical ones, the
finished cylinder, the sawing of the cylinder to the desired specimen height. In figure 3.19(c)
a range of cylindrical specimens with different heights is presented. A more detailed overview
of the production of the SHPB specimens can be found in [22].
Because the height/diameter ratio of the specimens in table 3.2 is mostly close to unity, the
following relation for the SHPB specimens will be used:
h
d
= 1 (3.2)
According to Davies and Hunter (equation 3.1) this is however not ideal. Yet, during an
experiment the h/d ratio will decrease, leading to a more ideal ratio. The absolute dimen-
sions of the SHPB specimen are determined by a trade-off of manufacturability and highest
achievable strain rate. Indeed, higher strain rates can be obtained with smaller specimens,
yet these small specimens are extremely difficult to manufacture. The following dimensions
will be used [22]:
h = d = 5mm (3.3)
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(a)
(b)
(c)
Figure 3.19: Production of the specimens made out of TRIP steel sheets for SHPB experiments:
(a) shows two production tools to obtain a high quality and reproduceable specimen,
(b) shows the different steps in the production process (from left to right: the glueing
of the small TRIP steel sheets, the glued steel sheets, the machining of a rectangular
specimen, the turning of the rectangular specimens into cylindrical ones, the finished
cylinder, the sawing of the cylinder to the desired specimen height) and (c) shows a
range of cylindrical specimens with different heights
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3.4 Medium strain rate split Hopkinson bending bar
Today’s classic Hopkinson tensile test can only subject the specimen to one-dimensional loads,
whereas real stress conditions are mostly multi-axial. Therefore a new setup is developed to
investigate the dynamic material response of materials under more dimensional stress (and
strain) conditions. This is done with a three-point bending test based on the Hopkinson
principle. The deformation mode corresponding to this setup often occurs in real applications
(forming processes, buckling of tubes, crash boxes, etc.). Moreover, with this Hopkinson three-
point bending setup medium strain rates can be tested, which are not in the region covered
by classical uni-axial experiments. In addition to the experimental setup a full scale finite
element model is created to investigate the bending setup in ideal circumstances and to gain
insight in the process of dynamic bending (see chapter 8).
3.4.1 Literature review
Unlike the split Hopkinson compressive and tensile bar setups, a three-point bending test
based on the Hopkinson principle is not widely used. Several studies can be found where
known specimen geometries such as Charpy specimens are loaded by means of a modified
Hopkinson bar apparatus. The results of these dynamic fracture experiments are then used
for comparison with more traditional test techniques such as a Charpy test [33] [34] [35].
Most setups reported in literature use a one-bar setup, replacing the output bar part by a
solid structure, with the two specimen supports rigidly attached to it (see figure 3.20). More
information on literature and on the developed setup can be found in [21] and [36].
Figure 3.21 shows the concept of the newly developed Hopkinson three-point bending setup.
It mainly consists of three bars in contrast to the two bar setups to test tensile or compression
properties. A specimen is put between three aluminium bars: the input bar and two output
bars. Just like the SHPB setup, the three-point bending setup is integrated in the existing
split Hopkinson tensile bar setup, creating a multi-functional facility for investigating material
and structural response of a specimen.
As in the compressive setup an incident compressive wave in the input bar is generated which
travels towards the specimen, where it interacts with this specimen and is partly reflected
back into the input bar. The other parts, the transmitted waves, travel along both output
bars. The strain histories of the different waves (incident, reflected and both the transmitted
waves, respectively denoted as εi(t), εr(t), εt left(t) and εt right(t)), are recorded by means of
strain gages mounted on the bars. From the strain gage measurements the histories of the
forces, velocities and displacements at the contact interfaces between bars and specimen can
be calculated (see also section 2.2.3).
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(a)
(b)
Figure 3.20: Schematic representation of a one-bar Hopkinson three-point bending setup [35] (a)
and [37] (b)
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Figure 3.21: Schematic representation of the Split Hopkinson three-point bending Bar (SH3pbB)
set-up
3.4.2 The SH3pbB setup: test design
The SH3pbB setup uses the same pneumatic accelerator, impactor, input bar and supports as
the compressive setup. More information can be found in section 3.3.1. The only adjustment
to the input part of the setup is the contact with the specimen. In order to load the specimen
in a three point bending mode, three line contacts with the specimen are necessary. This
contact is achieved by using special additional bar ends, called tips, that are glued to the
Hopkinson bar ends (see figure 3.22). The dimensions of these tips can be found in table 3.3.
input bar output bar
diameter (mm) 25 12.5
length (mm) 37 40
radius top (mm) 4 4
top angle (◦) 120 120
Table 3.3: Properties of the tips for the SH3pbB experiments
 
Figure 3.22: Special line contact end, called tips, attached to the Hopkinson input bar end
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(a) (b)
Figure 3.23: Distribution of the strain measured in both output bars with a diameter of of 25mm
(a) and 12.5mm (b)
The output part of the setup is redesigned to support the two output bars and to support the
specimen itself. For the support of the output bars special attention is paid to the alignment
of the bars with the input bar, the specimen and the alignment between the output bars
themselves (symmetry is very important!). Moreover, the in-between distance of the output
bars needs to be adjustable and the support needs to be usable for various bar diameters.
The amplitude of the output bar signals is small compared to the signal in the input bar and
the inevitable noise. This is illustrated by figure 3.23(a), where the output bar signals can be
seen for output bars with a diameter of 25mm. The amplitude of the output bar signal and
thus the quality of the measurement was improved by reducing the diameter of the output
bars. The input bar has a diameter of 25mm, whereas both output bars have a diameter of
12.5mm. By using these smaller output bar diameters, the area becomes four times smaller
than in the original case for identical loading conditions. This results approximately in a
four times higher amplitude of the output bar signals, thereby improving the quality of the
measurement (see figure 3.23(b)). These signals will be discussed in-depth in chapter 8. In
figure 3.24 some pictures can be seen of the support and the positioning system of the output
bars.
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(a)
(b)
 
(c)
Figure 3.24: Adjustable support and positioning system of the output bars for the SH3pbB setup
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In order to achieve high repeatability of the measurements special care is also taken of the
support of the specimen. The specimen has a length of 80mm, a width of 25mm and a
thickness depending on the investigated material. The contact between the specimen and the
three Hopkinson bars exist of three vertical line contacts, where the bars can run freely. To
investigate all possible influences, such as loss of contact of the output bars with the specimen
[38] [39], as few as possible restrictions were put on the specimen movement. Moreover, it
should be possible to test a wide range of specimen geometries (e.g. Charpy specimens), the
support should be adaptable and easily positioned. In figure 3.25 a representation is given of
the specimen support.
 
Figure 3.25: Representation of the adjustable support and positioning system of the specimen for
the SH3pbB setup: (1) is the base support, similar to the Hopkinson bar supports; (2)
is the actual support of the specimen where several cylinders (5) assure the contact
with the specimen; (3) and (4) account for a good positioning of the actual support (2)
To assure a correct positioning of the specimen, a tool is developed which is placed against
the specimen. Detailed pictures of the positioning can be seen in figure 3.26.
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(a) (b)
Figure 3.26: Positioning system of the specimen for the SH3pbB setup
3.5 Microstructure characterization methods
3.5.1 Light Optical Microscopy
The microstructure is investigated by Light Optical Microscopy (LOM) by using a Zeiss Je-
navert. After mechanical polishing the specimens were colour etched using different methods
in order to get greater insight in the complex microstructure of the investigated materials.
The Lepera etchant is a colour etching method which is able to reveal the different phases
of the TRIP microstructure [40]. A disadvantage of this method is that the martensite and
austenite phase within the TRIP microstructure cannot be distinguished. The composition
of the Lepera etchant is given in table 3.4.
reagent 1 reagent 2
1 g Na2S2O5 4 g dry nitric acid
100 ml distilled H2O 100 ml ethanol
Table 3.4: Composition of the solutions for the Lepera etchant [40]
In figure 3.27 the result of the Lepera etching method is given for an undeformed TRIP
steel with high aluminium content (CMnAl-TRIP steel). It is possible to clearly observe the
dispersion of the constituent phases: the ferrite phase (α) is displayed as large blocky areas,
whereas the minor fraction of the austenite phase (γ) and/or martensite phase is depicted as
small bright areas. These bright areas are generally surrounded by darker areas: the bainite
phase (αb).
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Figure 3.27: Optical microstructure of one of the investigated laboratory CMnAl-TRIP steel grades
before deformation obtained with the Lepera etching method [40] (magnification: x
1000)
3.5.2 Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) analysis is carried out on a Zeiss DSM962. This tech-
nique is used on the one hand to characterize the microstructure prior and after deformation
as a complementary tool to the LOM analysis, yet with a larger resolution. On the other
hand it is used to examine the fracture surface of the deformed specimens after static and
dynamic loading. In figure 3.28 the typical TRIP microstructure can be observed after nital
etching (2ml nitric acid in 100ml methanol or ethanol) [41]. In this figure the ferrite phase
appear in dark grey, the austenite in light grey.
Figure 3.28: SEM micrographs illustrating the typical microstructure of the TRIP-assisted multi-
phase steels (ferrite in dark grey, austenite in light grey) [41]
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3.5.3 X-ray diffraction measurements
With SEM-examination the difference between austenite and martensite can not be observed,
X-Ray Diffraction (XRD) experiments are therefore performed to determine the volume frac-
tion of retained austenite. The measurements are performed on a Siemens D5000 diffrac-
tometer. Only the ferrite (b.c.c.) and austenite (f.c.c.) peaks are considered in the mea-
surements and the diffractograms are obtained using a filtered molybdenum Kα radiation
(λ = 0.70926A˙). The volume fraction of retained austenite was determined by XRD us-
ing the Direct Comparison Method [42] applied to TRIP steels [43]. This method uses the
integrated intensity of the (200)α, (211)α, (220)λ and (311)λ peaks:
fγret =
I220γ
1.42I200α + I220γ
+
I220γ
0.71I211α + I220γ
+
I311γ
1.62I200α + I311γ
+
I311γ
0.81I211α + I311γ
4
(3.4)
Figure 3.29 shows a X-ray diffractogram of a CMnAl-TRIP steel. Ideally low-alloy TRIP
steels should contain only three phases: ferrite, bainite and retained austenite. The mi-
crostructure will however often contain minor amounts of carbides and, depending on the
chemical composition, martensite. Figure 3.29 clearly shows the presence of small amounts of
carbides and martensite in the microstructure. Note the fact that the martensite has a lower
C-content than the retained austenite.
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Figure 3.29: X-ray diffractogram of a CMnAl-TRIP steel [44]
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3.5.4 Transmission Electron Microscopy
In order to further analyse the microstructure of the investigated materials in the range of
several nanometers a Transmission Electron Microscope (TEM) was used. The TEM consists
of an electron gun and a series of electromagnetic lenses. The TEM used for this research
was a Philips EM420 TWIN-STEM which has an acceleration voltage from 20 kV to 120 kV
with a tungsten (W) filament. The spot size was in the range of 2µm up to 2nm with a
magnification range of 50 - 730000. In STEM mode the TEM can be used with a spot size
of 100nm up to 2nm. In figure 3.30 a TEM micrograph of retained austenite in a CMnAl-
TRIP steel is depicted. The partial transformation of the austenite to a-thermal martensite
is common in high-Al TRIP steels. Twinned martensite embedded in retained austenite can
be clearly observed by means of TEM (inset) [44].
Figure 3.30: TEM micrograph of retained austenite in a CMnAl-TRIP steel [44]
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4
Classical characterization
In this chapter the static and dynamic results are given of the extensive experi-
mental program on several TRIP steel grades. first of all, the different investigated
materials are discussed and comments on their composition and microstructure
are given. Afterwards, the experiments are described on the mechanical properties
are discussed in great detail. Not only tensile strength and elongation, yet also the
stress, energy and strain hardening are investigated. This chapter is ended with an
overview of the main conclusions of the microstructural study of the investigated
materials.
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4.1 The investigated materials
In this section the investigated steel grades are discussed. General information on these mul-
tiphase steels can be found in section 2.1. The composition of the investigated TRIP steels
can be divided into four groups, based on the main alloying element: Si-based TRIP steel
(CMnSi-TRIP), Al-based TRIP steel (CMnAl-TRIP), CMnSiAl-TRIP steel (based on full
or partial replacement of Si by Al) and CMnSiAlP-TRIP steel with additions of P. Specific
care was taken to keep the same carbon content for each steel grade. Two steels are indus-
trially produced, the other grades are laboratory steel grades. To gain a clearer insight in
the behaviour of the composite TRIP material, the individual phases (ferrite, bainite and
austenite) are tested separately with compositions corresponding to those of the constituents
in the CMnAl-TRIP steel.
4.1.1 Laboratory steel grades
In addition to the industrial available materials which will be discussed in section 4.1.3, TRIP
steel and its constituent phases (see section 4.1.2) are prepared at Ghent University in the
Department of Metallurgy and Material Science. The materials are cast in a Pfeiffer VSG100
vacuum induction furnace under argon gas protective atmosphere by ingots of 100kg. Their
chemical composition is listed in table 4.1. More information on the exact production can be
found in [1].
Material Laboratory C Mn Al Si P Initial retained
name name austenite amount
(%)
CMnAl-TRIP-LC VA793 0.18 1.56 1.73 0.021 0.018 12
CMnAl-TRIP L204 0.24 1.61 1.54 0.091 0.006 14
CMnSi-TRIP VA653 0.25 1.67 0.78 1.28 0.012 16
CMnSiAl-TRIP L205 0.25 1.70 0.69 0.55 0.011 18
CMnSiAlP-TRIP L195 0.20 1.56 0.29 0.38 0.012 -
Table 4.1: Chemical composition of the investigated Laboratory TRIP steels (in weight percent)
The four groups, based on the main alloying element, are considered: Si-based TRIP steel
(CMnSi-TRIP), Al-based TRIP steel (CMnAl-TRIP), CMnSiAl-TRIP steel (based on full or
partial replacement of Si by Al) and CMnSiAlP-TRIP steel with additions of P. The main
alloying element is underlined in table 4.1. Specific care was taken to keep the same carbon
content for each steel grade. For the Al-based TRIP steel, two grades are considered with
a different carbon content. CMnAl-TRIP-LC represents the Al-based TRIP steel with the
Lowest Carbon content.
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In table 4.1 the initial amount of retained austenite is also given. It can be seen that the
undeformed CMnSial-TRIP steel has the highest retained austenite content, followed by the
CMnSi-TRIP steel. The CMnAl-TRIP-LC steel has the lowest amount of retained austenite.
All investigated TRIP steel grades have a retained austenite content ranged within 8% to 15%,
which is ideal for optimal mechanical properties [2] [3] [4] [5] [6]. For the CMnSiAlP-TRIP
no retained austenite amount measurements are performed.
The TRIP microstructure of the laboratory CMnAl-TRIP steel is represented in figure 4.1.
The observations of the non-deformed specimens were performed with LOM using the Lepera
etching to reveal the microstructure (see section 3.5.1). The dark areas in the TRIP mi-
crostructure are formed by the bainite phase, the ferrite is present as the large lighter areas
and the bright areas correspond to the retained austenite or martensite. Notice the complex
multiphase microstructure consisting of a ferritic matrix and a dispersion of multiphase grains
of bainite, martensite and metastable retained austenite.
Figure 4.1: Optical microstructure of the CMnAl-TRIP steel before deformation (magnification: x
800)
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4.1.2 Constituent phases
As extensively discussed in section 2.1, low alloy TRIP steels have fine multiphase microstruc-
tures, with two major fractions of 50% ferrite (α) and 35% bainite (αB), and a minor fraction
(15%) of retained austenite (γ).
A clearer insight in the behaviour of the composite TRIP material can be gained by testing
these individual phases (ferrite, bainite and austenite) separately with compositions corre-
sponding to those of the constituents in the TRIP steel. As can be seen in table 4.2, the key
difference in the chemical composition of these phases is their carbon-contents: 0.02 % for
ferrite, 0.4% for bainite and 1.6% for austenite.
Material name Commercial name C Mn Al Si P
CMnAl-ferrite L182 0.025 1.78 1.63 0.071 0.016
CMnAl-bainite L115 0.37 1.5 1.49 0.025 0.011
CMnAl-austenite L116 1.6 1.64 1.57 0.021 0.012
austenitic steel 301LN 0.025 1.5 0.5
Table 4.2: Chemical composition of the constituent phases of the investigated CMnAl-TRIP steel (in
weight percent)
The microstructures of the isolated phases, ferrite (a), bainite (b) and austenite (c), are
represented in figure 4.2. The observations of the non-deformed specimens are performed
with LOM using Lepera etching to reveal the microstructure (see section 3.5.1). In figure
4.2(a) it can clearly be seen that the bulk ferrite phase only consists of ferrite grains. The
individual bainite phase (figure 4.2(b)), on the other hand, contains bainite (dark grey areas)
and a minor fraction of retained austenite (bright areas).
Note that the retained austenite present in low alloy TRIP steel cannot easily be made
as a bulk phase: when this is attempted, the grain size and the absence of hydrostatic
stress are such that a considerable volume fraction spontaneously transforms to martensite.
Indeed, the Ms-start temperature, i.e. the temperature below which spontaneous martensite
transformation occurs at existing nucleation sites, without deformation, of this phase is above
room temperature. As a result, the austenite phase (figure 4.2(c)) contains large grains, which
have partially transformed to martensite plates.
Due to the martensite in the isolated CMnAl-austenite phase is very brittle (see figure 4.3).
Due to this impure constitution the CMnAl-austenite dog-bone specimen tends not to break
in the central section of the specimen and no reliable stress-strain curves can be found.
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(a) (b)
(c)
Figure 4.2: Optical microstructures of the separate phases in CMnAl-TRIP steel before deformation:
(a) ferrite, (b) bainite, (c) austenite and martensite in the austenite matrix, and (d)
CMnAl-TRIP steel (magnification: x 800)
93
Chapter 4. Classical characterization
An austenitic steel (Uginox 18-7L, X2CrNiN18-7 1.4318 or 301LN steel, provided by Arcelor)
was therefore used to study the stress-strain behaviour of a fully austenitic structure primarily
and the austenite-martensite transformation secondly. This austenitic steel has a chemical
composition (in wt. %) of 0.025 C, 0.5 Si, 1.5 Mn, 17.5 Cr, 6.7 Ni and 0.15 N and will be
referred to as 301LN.
Figure 4.3: SEM micrograph of the isolated CMnAl-austenite bulk phase (SE magnification x 1000)
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(a) (b)
Figure 4.4: Optical microstructures of the commercially available TRIP steel before deformation:
(a) CMnAl-TRIP-TKS-TR (magnification: x 625) and (b) CMnSi-TRIP-Arcelor steel
(magnification: x 800)
4.1.3 Industrial steel grades
Table 4.3 lists the composition of the two commercially produced low alloy TRIP steels con-
sidered in this work. The first is the Al-based CMnAl-TRIP-TKS-TR steel. It is produced by
Thyssen Krupp Stahl (TKS) and is received from the Werkstoffkompetenzzentrum of Dort-
mund in Germany. The CMnSi-TRIP steel is produced by Arcelor and is received from Sollac
in Maizie`res-les-Metz, France. The amount of initial retained austenite are also presented.
Notice the quite low amount (9%) for the CMnSi-TRIP-Arcelor steel.
Material Commercial C Mn Al Si Initial retained
name name austenite amount
(%)
CMnAl-TRIP-TKS-TR TRIP700 0.22 1.68 1.49 0.09 13
CMnSi-TRIP-Arcelor TRIP800 0.21 1.78 0.038 1.53 9
Table 4.3: Chemical composition of the investigated industrial TRIP steels (in weight percent)
The microstructures of the two commercially available TRIP steel grades are shown in figure
4.4. All specimens were etched using the Lepera etching method, which reveals the different
phases in the microstructures (see section 3.5.1). Again, the bainite forms the dark areas, the
ferrite is present as the large lighter areas and the bright areas correspond to the retained
austenite.Notice the much finer dispersion of the different phases for the CMnSi-TRIP-Arcelor
steel than for the CMnAl-TRIP-TKS-TR steel.
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A temper rolling of 1% was applied to the CMnAl-TRIP-TKS-TR steel. This treatment is
frequently used in industrial processes to give steel sheets their final surface roughness and
flatness. Temper rolling removes the clear yield point which is characteristic of freshly made
TRIP steels. Note that this yield point is due to the initiation of plastic deformation in the
soft ferrite phase; it is not due to transformation-related yielding.
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4.2 Tensile experiments
This section gives an overview of the different experiments that are done on the investigated
TRIP steels and their constituent phases. In this chapter only tensile tests are considered. All
experiments are conducted on the SHTB setup and stress-strain curves are calculated using
the relations described in section 2.2.3. For all investigated materials several high strain
rate curves are obtained with strain rates varying between 500 and 2000s−1. A wide variety
of strain rates is preferred for the experiments above a few discrete strain rates which are
repeated, in order to better assess certain tendencies of the mechanical properties. Results of
the advanced dynamic tensile experiments can be found in chapter 6.
4.2.1 Laboratory steel grades
Figure 4.5(a) shows all obtained engineering stress-strain curves for the CMnAl-TRIP-LC
steel. It can be seen that no clear strain rate dependency can be observed for this material
in the dynamic region. Therefore three representative curves are chosen to compare with the
static curve (figure 4.5(b)). These well-chosen experiments are dispersed over the strain rate
range and clearly show the strain rate dependency of several material properties (see section
4.3).
From figure 4.5(b) the difference between the static and dynamic curves can be observed.
Especially the yield stress, uniform elongation and tensile strength show distinct differences.
This will be discussed in greater detail in section 4.3.
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(a)
(b)
Figure 4.5: Engineering stress-strain curves for the CMnAl-TRIP-LC steel grades after dynamic
deformation (a) and a comparison between the representative engineering stress-strain
curves after static and dynamic deformation (b). The indicated strain rate is the value
reached at maximum stress
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Figure 4.6 shows the static and the representative engineering stress-strain curves for the other
four laboratory materials. Noteworthy is the clear difference between static and dynamic
properties of the CMnAl-TRIP steel. For the other steel grades a comparison of the dynamic
curves yields no clear differences in stress levels, except for the yield stress. For the CMnSiAl-
and CMnSiAlP-TRIP steel a difference in stress level between the static and dynamic curves
appears for larger deformation levels. The ultimate and uniform deformation on the other
hand increase clearly as a function of the strain rate. For the CMnSi-TRIP steel no distinct
strain rate dependence is observed for all properties, except for the yield strength.
Another important observation can be made by looking at the slope of the curves. In this
way an idea of the strain hardening of the material can be obtained. The different materials
all show different hardening behaviour and for all TRIP steel grades a difference between the
static and dynamic curves can be observed. For the CMnAl-, CMnSiAl- and CMnSiAlP-TRIP
steels similar conclusions can be drawn: during the first stages of deformation the slope of
the static and dynamic curves are similar, yet for larger deformations the strain hardening of
the static curve is lower than for the dynamic curves. The difference between the static and
dynamic strain hardening for large deformation is more pronounced for the CMnSiAlP-TRIP
steel, followed by the CMnSiAl-TRIP steel. For the CMnSi-TRIP the strain hardening during
the static experiment is much more pronounced during the first stages of deformation, only
near the end of the deformation the dynamic curves show the larger slope.
From all previous stress-strain curves it can be concluded that TRIP steels make their rep-
utation true for superior uniform elongation compared to other similarly strong steels like
dual phase steels. The large uniform elongation in TRIP steels is mainly attributed to the
strain-induced martensitic transformation of retained austenite. However, the transformation
strains themselves can contribute at most 2% to the observed elongation given the small frac-
tion of austenite present in these materials [7]. Other phases in the microstructure must also
influence the overall mechanical behaviour. An interesting consequence of the strain-induced
martensitic transformation of austenite has been revealed by Jacques et al. [8]. The volume
expansion due to martensitic transformation generates dislocations in adjacent ferrite. Freshly
produced dislocations in the ferrite phase can then take part in the deformation process [9].
It must be noted that all investigated stress-strain curves exhibit some oscillations [10]. In
order to carefully remove the noise on the measured strain gage signals a low-pass filter with
a cut-off frequency of only 50 kHz was applied, hereby leaving quite some oscillations in the
signal and thus in the stress-strain curves. Yet, this cut-off frequency preserves the original
shape of the stress-strain curve.
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(a) (b)
(c) (d)
Figure 4.6: Representative engineering stress-strain curves for the CMnAl-TRIP (a), CMnSiAl-TRIP
(b), CMnSiAlP-TRIP (c) and CMnSi-TRIP (d) steel grades after static and dynamic
deformation. The indicated strain rate is the value reached at maximum stress
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It is also notable that not all curves of the same material have the same shape, e.g. for
CMnSiAl- and CMnSi-TRIP steel (figures 4.6(b) and 4.6(d)). This is due to the fact that these
materials are laboratory-made in small-scale setups. Some scatter in the material properties
is therefore inherent to the production process.
Influence of the alloying elements
In Figure 4.7 the two Al-based laboratory TRIP steel grades are compared to each other.
The composition of these steel grades grades differ from each other in carbon content (0.18
vs. 0.24wt%). From this figure it is clear that the lower carbon content results in lower stress
values for the dynamic as well as for the static results. Carbon is indeed one of the main solid
solution strengthening elements for bainite, martensite and austenite. Increasing the carbon
concentration is thus a relative simple way to increase the strength without deteriorating the
formability of a TRIP steel (see section 2.1.4).
Figure 4.7: Representative static and high strain rate engineering stress-strain curves of both CMnAl-
TRIP steel grades. The indicated strain rate is the value reached at maximum stress
Figure 4.8 shows a comparison of the engineering stress-strain curves of the different inves-
tigated laboratory steel grades after static deformation (figure 4.8(a)) and after deformation
at a strain rate of 1600s−1 (figure 4.8(b)). The four steel grades exhibit a remarkable
uniform elongation despite their high strength levels. This is due to the occurrence of the
strain-induced transformation and thus to the TRIP effect. The difference in their respective
strength and elongation levels can be attributed to their chemical composition.
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(a) (b)
Figure 4.8: Representative engineering stress-strain curves for the CMnAl-TRIP, CMnSiAl-TRIP,
CMnSiAlP-TRIP and CMnSi-TRIP steel grades after static (a) and after dynamic de-
formation 1600s−1 (b). The indicated strain rate is the value reached at maximum
stress
Silicon strengthens the ferrite phase considerably, but a high Si-content generates surface
defects on the hot rolled sheet. Because of their similar carbide suppression capacity [11],
Al and P have been used to replace the silicon in TRIP steels. Al increases the ductility
significantly [12]. P compensates the loss of strength caused by replacing Si by Al [13] (see
also section 2.1.4).
The differences in dynamic flow stress are consistent with the ones in the static case, although
they are less pronounced: silicon addition increases the strength considerably, whereas alu-
minium has little effect on the strength level [12] and the CMnSiAl-TRIP steel shows an
intermediate behaviour. In figure 4.8(a) it can be seen that the addition of phosphor results
in higher stress values below 18% of strain. After dynamic deformation on the other hand, P-
addition has limited influence on the behaviour at the early stages of deformation. When the
strain increases, the dynamic strain hardening of the CMnSiAl-TRIP steel is more important
than of the CMnSiAlP-TRIP, which reaches maximum stress and uniform elongation at a
lower level of deformation. This can be seen in both the static and dynamic curves, although
the CMnSiAl-TRIP curve intersects the CMnSiAlP-TRIP curve at lower strain levels.
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4.2.2 Constituent phases
The engineering stress-strain curves represented in figure 4.6(a) clearly show that the CMnAl-
TRIP steel exhibits a positive strain rate dependence: stress levels rise as the strain rate
increases from static to high strain rates.
Figures 4.9(a) to 4.9(c) show the stress-strain curves of CMnAl-ferrite, -bainite and 301LN
austenitic steel at various strain rates. In both the static and dynamic tests the ferrite phase
is characterized by a clear yield plateau and a slow strain hardening. Bainite on the other
hand shows continuous yielding and a high work hardening. The engineering stress-strain
curves of the 301LN steel show large total elongation values (of ε ∼= 0.55) in combination with
high levels in tensile strength (of about 800 MPa).
Note that for CMnAl-bainite the curve at 888.4s−1 shows a behaviour different from the
other CMnAl-bainite high strain rate curves. Two types of behaviour of the bainite phase
can indeed be distinguished: strong hardening in the beginning of plastic deformation and a
behaviour with lower hardening at low strain levels, but with higher deformation (see section
4.4).
As in the static tensile tests, bainite shows the highest tensile strength at high strain rates and
ferrite the lowest one, whereas the CMnAl-TRIP curve is situated between these two curves.
Ferrite can thus be seen as the soft phase of the TRIP steel and bainite the hard phase.
Ferrite, bainite and 301LN austenitic steel exhibit an increase of the tensile strength, uniform
and total elongation as the strain rate increases from the static to the dynamic loading range.
The composite behaviour of CMnAl-TRIP steel
In order to qualify the interaction of the different constituent phases in TRIP steels it is
interesting to investigate their respective contribution to the total behaviour. In figure 4.10
the engineering stress-strain curve of CMnAl-TRIP steel after dynamic deformation at ε˙ ∼=
1040s−1 is compared with those of the constituent phases. This figure clearly indicates that
ferrite is responsible for the high elongation values observed in TRIP steels. Bainite, on the
other hand, causes high strength levels. The 301LN austenitic steel shows high strength and
elongation values. It is therefore suggested that the martensite/austenite constituent plays an
important role in the combination of high stress and strain in the TRIP steel itself. Especially
noteworthy is the steep slope of stress-strain curve of the austenitic steel. Which indicates a
remarkable strain hardening of the austenitic steel, this will be further discussed in 4.3.2.
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(a) (b)
(c)
Figure 4.9: Representative high strain rate engineering stress-strain curves of the ferrite phase (a),
bainite phase (b) in CMnAl-TRIP steel and of the 301LN austenitic steel (c). The
indicated strain rate is the value reached at maximum stress
104
Chapter 4. Classical characterization
Figure 4.10: Representative high strain rate engineering stress-strain curves of CMnAl-TRIP steel
and its constituent phases. The indicated strain rate is the value reached at maximum
stress
4.2.3 Industrial steel grades
In figure 4.11 a static and three representative dynamic stress-strain curves are given for
the investigated industrial steels without any post-processing. Significant differences can be
noticed between the static and dynamic curves, however, in the range of strain rates considered
here, only minor differences exist between the dynamic curves. The influence of the strain
rate is material dependent and positive for both industrial steel grades: stress levels rise as
the strain rate increases. Differences between the static and dynamic stress-strain curves are
most pronounced for the CMnAl-TRIP-TKS-TR steel.
Both steel grades show a slightly different hardening behaviour when looking at the slope of
the stress-strain curves. For the CMnSi-TRIP-Arcelor steel limited influence can be noticed
of the strain rate on the slope of the curves. As deformation increases, the difference in
strain hardening increases as well. This can especially be noticed when comparing the static
with the dynamic curves. The CMnAl-TRIP-TKS-TR steel has a comparable hardening
behaviour for static and dynamic conditions. The difference between these two conditions is
mainly expressed in the level of the onset of yielding.
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(a) (b)
Figure 4.11: Representative, high strain rate engineering stress-strain curves for the CMnAl-TRIP-
TKS-TR (a) and CMnSi-TRIP-Arcelor steel grades (b). The indicated strain rate is
the value reached at maximum stress
Similar conclusions can be drawn as in section 4.2.1. These two industrial steel grades exhibit
a remarkable uniform elongation despite their high strength levels due to the TRIP effect.
The difference in their respective strength and elongation levels can be attributed to their
chemical composition: silicon addition increases the strength considerably, whereas aluminium
has little effect on the strength level [12].
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4.3 Analysis of the experiments
In this section the engineering stress-strain curves will be investigated in greater detail. Sev-
eral well-known material properties are discussed, e.g. tensile strength, uniform elongation,
energy absorption etc. Since TRIP steels exhibit both high strength properties and high elon-
gation values, also special attention is paid to the hardening behaviour of the steel grades.
Remark: the uniform elongation is defined as the engineering strain level corresponding with
the maximum engineering stress.
4.3.1 Laboratory steel grades
Influence of the strain rate
In figure 4.12 the tensile strength as a function of the strain rate is presented for both the
CMnAl-, the CMnSi-, the CMnSiAl- and the CMnSiAlP-TRIP steel grades. The influence
of the strain rate is clearly material dependent, but positive for both the CMnSi-TRIP steel
and the CMnAl-TRIP steels: stress levels rise as the strain rate increases whereas for the
other investigated laboratory TRIP steels this influence is limited. Quite some scatter can be
noticed for the tensile strength values for the CMnSi-TRIP steel.
Figure 4.12: Tensile strength as a function of strain rate for the investigated laboratory TRIP steel
grades. The indicated strain rate is the value reached at maximum stress
The uniform elongation of the investigated laboratory TRIP steels on the other hand shows a
more unclear strain rate dependency (figure 4.13). CMnSiAlP shows a clear negative tendency
107
Chapter 4. Classical characterization
of the strain rate dependence. Although there is quite some scatter in this material property,
the uniform elongation of CMnSi-TRIP steel has globally a positive strain rate dependency.
For the other three TRIP steel grades no clear linear tendency is observed. Yet, it can be seen
that these three materials have a more or less pronounced maximum. Because the stress-strain
curve is flat near maximum stress, quite some scatter can be noticed on these deformation
values.
Figure 4.13: Uniform elongation as a function of strain rate for the investigated laboratory TRIP
steel grades. The indicated strain rate is the value reached at maximum stress
This can be seen when looking at figure 4.14 where a detailed view is given of the engineering
stress-strain curves for the CMnAl-TRIP-LC steel grades after dynamic deformation. Due
to the oscillations in the curves it is possible that the maximum peak in the stress curve is
reached at a different point than expected when looking at the general trend of the curve.
This effect is even bigger when the curve is flat near maximum stress.
Different parameters can be used to evaluate the crash-resistance performance of steels. Since,
for most applications, the material rarely deforms up to fracture, the energy absorbed by the
material at certain levels of deformation gives valuable information. In figure 4.15 the energy
dissipated by the investigated laboratory TRIP steels at 10 % strain and until maximum
stress is given as a function of the strain rate. From this figure it is clear that all steel grades
exhibit a, sometimes limited, positive strain rate dependency for the energy absorption at
10% strain. The CMnAl- and CMnSi-TRIP steels show the highest energy absorption values
at 10 % deformation.
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Figure 4.14: detail of the engineering stress-strain curves for the CMnAl-TRIP-LC steel grades after
dynamic deformation. The indicated strain rate is the value reached at maximum stress
However, when looking at the energy dissipation until maximum stress quite another trend is
visible. First of all, the difference between the energy absorption of the CMnSi-TRIP steel and
the other steel grades is smaller when looking at the energy dissipation until maximum stress.
Most TRIP steel grades show a positive trendline in strain rate dependency, except for the
CMnAlSiP-TRIP steel, which distinctly has a negative strain rate dependency. The CMnAl
(-LC)- and CMnSiAl-TRIP steels show again a more or less pronounced maximum. This
can again be attributed to the cumbersome determination of the material properties. These
results are in accordance with the trends observed in figure 4.13 for the uniform elongation.
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(a) (b)
Figure 4.15: Energy absorption up to 10 % deformation (a) and until maximum stress (b) as a
function of strain rate for the investigated laboratory TRIP steel grades. The indicated
strain rate is the value reached at maximum stress
In dynamic conditions the strain rate has limited influence on the material properties. If
these dynamic properties are compared to properties after static deformation on the other
hand, important differences can be observed. This can be clearly seen in section 4.2.1 when
looking at the engineering stress-strain curves. Especially the CMnAl-TRIP shows a large
strain rate dependency. Table 4.4 shows some properties of the CMnAl-TRIP steel after static
(strained at a constant strain rate of 10−4s−1) and after dynamic deformation. An important
increase in both yield and tensile strength can be noticed when comparing static to dynamic
conditions. The uniform elongation however shows limited changes, as well as the energy
dissipation until 10 % deformation.
Upper yield Tensile Uniform Energy dissipation at
strength, MPa strength, MPa elongation, - 10 % deformation, 106J/m3
Static 506 689 0.265 55.91
704s−1 622 786 0.264 59.16
1246s−1 646 800 0.301 61.39
1898s−1 672 814 0.252 64.99
Table 4.4: Mechanical properties of CMnAl-TRIP steel in static and dynamic conditions
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Another view on the energy absorption potential can be given by looking at the stress levels
at a certain level of strain. In figure 4.16 the true stress at 5%, 10% and 20% deformation
is given next to the maximum true stress as a function of the strain rate at maximum true
stress for the investigated laboratory TRIP steels. See also equations (2.8) and (2.9) for the
relation between true and engineering values of stress and strain.
All investigated TRIP steel grades show a positive strain rate dependence, the CMnAl- and
CMnSi-steel grades have the most pronounced influence of the strain rate. For most steels
the strain rate dependency increases as the deformation/true strain increases. Compared to
other materials, the influence of the strain rate on the mechanical behaviour of the TRIP
steels considered here is limited. The positive strain rate dependence, which has been ob-
served for materials such as IF steels, low-carbon steels and 304L austenitic stainless steels,
is attributed to an increase in activation energy for the thermally activated bypass of obsta-
cles by dislocations [14]. It is known that while dislocation-dislocation, dislocation-impurity
and other thermally activated interactions are responsible for an increase in strength at low
dislocation velocities, more complex dislocation-phonon and dislocation-electron interactions
are governing the observed strength increase at high dislocation velocities.
Due to the void formation and the formation of carbides in the CMnSi-TRIP steel more ob-
stacles are introduced in the material than in the CMnAl-TRIP(-LC) materials. Therefore
the CMnSi-TRIP steel has lower elongation values, but higher strength levels. When compar-
ing CMnAl-TRIP and CMnAl-TRIP-LC, it can be noticed that the higher carbon contents
in the first steel grade, increases the energy absorption. This is in agreement with [15] and
is attributed to the fact that carbon is an important solid solution strengthening element
for bainite, martensite and austenite. By increasing the carbon content of TRIP steels, its
strength increases without deteriorating the formability of these steels.
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(a) (b)
(c) (d)
(e)
Figure 4.16: True stress at 5%, 10 %, 20% deformation and the maximum true stress as a function of
the strain rate for the investigated laboratory TRIP steel grades. The indicated strain
rate is the value reached at maximum true stress
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(a) (b)
Figure 4.17: Comparison of the strain hardening coefficient or n-value of the investigated laboratory
TRIP steel grades as a function of the true strain after static (a) and dynamic (b)
deformation (∼ 1200s−1)
Hardening behaviour
As can be seen in the previous discussions, TRIP steels show an excellent combination of high
strength values with high elongation values, leading to a high energy absorption potential. It is
clear that this combination can be attributed to the extraordinary strain hardening that these
TRIP steel grades show. To investigate the hardening behaviour in greater detail, the strain
hardening coefficient or n-value, appearing in the Hollomon stress-strain relation [16] [17] is
calculated as a function of the true plastic strain for the different stress-strain curves.
σtrue = Kεntrue,p (4.1)
σtrue is the true stress, true,p the true plastic strain, K is a material constant. A strain
window of 0.06, in which the strain hardening coefficient is averaged out, is used to minimize
the effect of oscillations in the stress-strain curves.
In figures 4.17(a) and 4.17(b) the evolution of the strain hardening coefficient as a function
of the true strain is represented for the investigated TRIP steels after static deformation and
after deformation at a strain rate of approximately 1200s−1. When comparing the static and
dynamic strain hardening curves it becomes clear that the strain rate has a global positive
influence on the strain hardening coefficients for the investigated steel grades.
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The most noteworthy difference is seen for the CMnAlSiP-TRIP steel. The strain hardening
of this steel grade in static conditions is low and comparable to the behaviour of the CMnAl-
TRIP steel in the early stages of deformation. In dynamic conditions on the other hand,
the n-value of the CMnSiAlP-TRIP shows more of an intermediate behaviour. After 5 %
deformation the static strain hardening curve of CMnAlSiP-TRIP begins to stabilize and
decreases very quickly, giving a low n-value at uniform elongation (∼ 0.16). At a strain rate
of ∼ 1200s−1 this stabilization only begins after 7 % deformation and only starts to decrease
after 17 % deformation, giving a much higher n-value at uniform elongation.
For the other steel grades the following can be observed: in the early stages of deformation, the
strain hardening is highest for the CMnSiAl-TRIP steel, followed by the CMnSi-TRIP. The
TRIP steels with high aluminium content show the lowest strain hardening in the beginning.
In both the static and the dynamic case, the strain hardening coefficient of the CMnSi-TRIP
steel begins to decrease before the other steel grades. The decrease of the strain hardening
of the CMnAl(-LC)- and the CMnSiAl-TRIP steels begins later during the deformation. It
must be noted that the strain hardening of the CMnAl-TRIP(-LC) steels increases steadily
throughout the entire deformation and only shows a slighter decrease in strain hardening at
the end of the deformation. When looking at the uniform elongation, CMnAl-TRIP steel
shows the highest n-value, whereas CMnSi-TRIP steel shows the lowest.
The sudden irregularity observed for the n-value curves in the static case can be attributed
to the sudden increase in the initial strain rate of 5.6 10−4s−1 to 5.6 10−3s−1 (see section
3.1). In figure 4.18 the corresponding n-values of the experiments shown in figure 4.6 are
given. The observations made of the strain hardening or the slope of the different curves
are confirmed by the graphs of the n-value. For the CMnAl-, CMnSiAl- and CMnSiAlP-
TRIP the strain hardening of the static and dynamic experiments are similar during the first
stages of deformation, yet for larger deformations the strain hardening of the static curve is
lower than for the dynamic curves. The difference between the static and dynamic strain
hardening for large deformations is more pronounced for the CMnSiAlP-TRIP steel, followed
by the CMnSiAl-TRIP steel. For the CMnSi-TRIP the strain hardening during the static
experiment is much more pronounced during the first stages of deformation, only near the
end of the deformation the dynamic curves show a higher n-value.
In figure 4.19, the evolution of the strain hardening coefficient as a function of the strain
rate is shown for the CMnAl-TRIP-LC steel. The strain hardening coefficient is calculated
at different values of true strain, ranging from 5 to 20 % true strain. The strain hardening
coefficient at 5, 10 and 20 % true strain increases significantly as a function of the strain rate.
Moreover the higher the strain, the steeper the increase is. This is in agreement with the
increase of the energy absorption as a function of the strain rate shown earlier (figure 4.15).
The curve corresponding with a true strain of 15 % decreases as a function of the strain rate.
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(a) (b)
(c) (d)
Figure 4.18: The strain hardening coefficient or n-value for the CMnAl-TRIP (a), CMnSiAl-TRIP
(b), CMnSiAlP-TRIP (c) and CMnSi-TRIP (d) steel grades after static and dynamic
deformation. The indicated strain rate is the value reached at maximum stress
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This is due to the fact that at 15 % true strain a plateau or maximum can be observed in
the curves in figure 4.17(b). A similar behaviour can be noticed for the other materials. In
order to understand the observed behaviour it is necessary to investigate the microstructural
behaviour of the TRIP steels (see section 4.4).
Figure 4.19: The strain hardening coefficient at different strain levels as a function of the strain rate
for the CMnAl-TRIP-LC steel
Figure 4.20 displays the strain hardening rate (dσtrue/dεtrue) for the investigated steel grades
during static (figure 4.20(a)) and dynamic deformation (figure 4.20(b)). The strain hardening
rate of ferrite is known to increase with silicon additions and to be insignificantly affected
by the presence of aluminium [12]. Accordingly, this behaviour is seen in both static and
dynamic conditions during the early stages of deformation. CMnSi-TRIP shows the highest
strain hardening rate, whereas both aluminium based TRIP steels have the lowest values.
CMnSiAl and CMnSiAlP-TRIP show an intermediate behaviour. In dynamic conditions,
however, the strain hardening rate of the CMnSi-TRIP steel and the CMnSiAl (P)-TRIP
steels become similar after approximately 7 % of true strain. The behaviour of both the
CMnAl-TRIP steels shows a more constant evolution during deformation, whereas the other
steel grades have a steeper decrease in strain hardening rate.
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(a) (b)
Figure 4.20: Comparison of the strain hardening rate of the investigated laboratory TRIP steel
grades as a function of the true strain after static (a) and dynamic (b) deformation
(∼ 1200s−1)
4.3.2 Constituent phases
Influence of the strain rate
A detailed view of the evolution of the tensile strength as a function of the strain rate is shown
in figure 4.21, where it can be seen that the strain rate dependency is not pronounced for the
CMnAl-ferrite and bainite in the dynamic strain rate region. The strain rate dependency of
the CMnAl-TRIP steel and the 301LN steel on the other hand is more significant.
The uniform elongation of the CMnAl-ferrite and CMnAl-bainite on the other hand shows a
clear positive strain rate dependency (figure 4.22). The same conclusion goes for the 301LN
austenitic steel. It must be noted that quite some scatter is present for the trendline of the
uniform elongation of the CMnAl-bainite. As noticed previously, no clear linear tendency is
observed for the CMnAl-TRIP steel, yet a pronounced maximum can be seen (see section
4.3.1).
In figures 4.23(a) and 4.23(b) the energy absorption is presented for CMnAl-TRIP steel and
its constituent phases. Figure 4.23(a) shows the energy dissipation at 10% deformation; the
energy dissipation at maximum stress, before necking, is presented in figure 4.23(b). The
energy dissipation at 10% deformation is higher for the CMnAl-bainite phase, in comparison
with the other investigated materials. When looking at the energy absorption at maximum
stress, the 301LN austenitic steel curve lies distinctly higher than the other curves, followed
by the curve for CMnAl-TRIP steel. All curves show a more or less pronounced increase as
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Figure 4.21: Tensile strength as a function of strain rate for the CMnAl-TRIP steel and its con-
stituent phases. The indicated strain rate is the value reached at maximum stress
Figure 4.22: Uniform elongation as a function of strain rate for the CMnAl-TRIP steel and its
constituent phases. The indicated strain rate is the value reached at maximum stress
a function of the strain rate. In figure 4.23(b) the energy absorption at maximum stress for
the 301LN austenitic steel experiences the highest strain rate influence.
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(a) (b)
Figure 4.23: Energy absorption up to 10 % deformation and until maximum stress as a function of
strain rate for the CMnAl-TRIP steel and its constituent phases. The indicated strain
rate is the value reached at maximum stress
Notice the large scatter in the curve for the CMnAl-bainite in figure 4.23. This is due to the
two different behaviours found for the bainite material (see also figure 4.9(b)). An explanation
for the observed phenomena will be given later in section 4.4.
In figure 4.24 the true stress at a certain level of true strain (5%, 10%, 20%) and the max-
imum true stress are given as a function of the strain rate at maximum true stress for the
CMnAl-TRIP steel and its constituent phases. The CMnAl-ferrite shows a positive strain rate
dependency, yet smaller than the one obtained for the (CMnAl-) TRIP steels in figure 4.16.
The stress values of the CMnAl-bainite show limited influence of the strain rate, although
quite some scatter is observed in figure 4.24(b). From figure 4.24(c) it is clear that the 301LN
austenitic steel shows a positive strain rate dependence, which increases as the deformation
increases.
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(a) (b)
(c)
Figure 4.24: True stress at 5%, 10 %, 20% deformation and the maximum true stress as a function
of the strain rate for the constituent phases of CMnAl-TRIP steel. The indicated strain
rate is the value reached at maximum true stress
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(a) (b)
Figure 4.25: Comparison of the strain hardening coefficient or n-value (at ε˙ ∼= 1040s−1) (a) and the
strain hardening rate of CMnAl-TRIP steel and its constituent phases. The indicated
strain rate is the value reached at maximum stress
Hardening behaviour
When looking at the stress-strain curves in figure 4.10 it becomes very clear that the 301LN
austenitic steel has a remarkable strain hardening. This can even more clearly be seen in
figure 4.25(a), where the evolution of the strain hardening coefficient as a function of the true
strain is represented for the CMnAl-TRIP steel and its constituent phases.
Whereas the n-value for both the CMnAl-ferrite and bainite is lower than the n-value of the
CMnAl-TRIP steel, the strain hardening of the 301LN austenitic steel is significantly higher.
Similar conclusions can be drawn when looking at the strain hardening rate (dσtrue/dεtrue)
in figure 4.25(b). Therefore it can be concluded that the martensite/austenite constituent
in TRIP steels will play a dominant role in the strain hardening in TRIP steels next to the
transformation and the composite effect of the different phases.
As the specimen behaviour is a combination of the structural and material response, previous
results must be handled with caution. The Split Hopkinson tensile bar tests of the 301LN
austenitic steel were namely performed on specimens with a different geometry. The stress-
strain curves as well as the strain rate were therefore calculated using a fictitious gage length
as described in [18].
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4.3.3 Industrial steel grades
Influence of the strain rate
In figure 4.26 the tensile strength as a function of strain rate is given for the two industrial
TRIP steels and for the laboratory CMnAl-TRIP steel. The CMnAl-TRIP steels show the
lowest strength. The contribution of Al to the strengthening of the bcc-phases, ferrite and
bainitic ferrite, is indeed limited. The CMnSi-TRIP-Arcelor steel and the laboratory made
CMnAl-TRIP steel both show a positive strain rate dependency. The CMnAl-TRIP-TKS-TR
steel however, shows limited influence of the strain rate and a slightly negative strain rate
dependency.
Figure 4.26: Tensile strength as a function of strain rate for the CMnAl-TRIP, CMnAl-TRIP-TKS-
TR and CMnSi-TRIP-Arcelor steel grades
However, as could be expected, both Al-alloyed TRIP steels exhibit larger deformation values.
In figure 4.27 the uniform deformation is represented. Because the stress-strain curve is
flat near maximum stress, quite some scatter can be noticed on these deformation values.
Especially the CMnSi-TRIP-TKS-TR steel shows an important strain rate dependency of the
uniform elongation.
In figure 4.28 the energy dissipated by the CMnAl-TRIP steel and the two investigated
industrial TRIP steels at 10 % deformation and at maximum stress is given as a function
of the strain rate. From these figures it is clear that for the two industrial TRIP steels
the strain rate dependency of the energy absorption is more positive at larger strains. The
trendline of the energy disspation of CMnAl-TRIP-TKS-TR clearly becomes steeper as the
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Figure 4.27: Uniform deformation as a function of strain rate for the CMnAl-TRIP, CMnAl-TRIP-
TKS-TR and CMnSi-TRIP-Arcelor steel grades
strain increases and the negative strain rate dependency of the CMnSi-TRIP-Arcelor in figure
4.28(a) becomes more leveled for the energy dissipation until maximum stress. It can also
be concluded that the higher carbon content (see tables 4.1 and 4.3) of the temper rolled
material results in a larger energy absorption at high strain rates.
In figure 4.29 true stresses corresponding with strain values of 5 %, 10 % and 20 % and the
maximum true stress are represented for the same industrial materials. From these figures it
is clear that, the strain rate dependency is positive and also here more pronounced at larger
strain. Compared to the CMnAl-TRIP-TKS-TR steel, the influence of the strain rate is more
significant for the CMnSi-TRIP-Arcelor.
Similar conclusions can be drawn as in section 4.3.1. The CMnSi-TRIP-Arcelor steel has lower
elongation values, but higher strength levels than the CMnAl-TRIP materials due to the void
formation and the formation of carbides. When comparing CMnAl-TRIP and CMnAl-TRIP-
TKS-TR, it was noticed that the higher carbon contents in the latter steel grade, increases
the energy absorption. This is in agreement with [15] and is attributed to the fact that carbon
is an important solid solution strengthening element for bainite, martensite and austenite.
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(a) (b)
Figure 4.28: Energy absorption up to 10 % deformation and until maximum stress as a function
of strain rate for the CMnAl-TRIP, CMnAl-TRIP-TKS-TR and CMnSi-TRIP-Arcelor
steel grades
(a) (b)
Figure 4.29: True stress at 5%, 10 %, 20% deformation and the maximum true stress as a function of
the strain rate for the CMnAl-TRIP, CMnAl-TRIP-TKS-TR and CMnSi-TRIP-Arcelor
steel grades. The indicated strain rate is the value reached at maximum true stress
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(a) (b)
Figure 4.30: Comparison of the strain hardening coefficient or n-value (at ε˙ ∼= 1040s−1) (a) and the
strain hardening rate of the CMnAl-TRIP, CMnAl-TRIP-TKS-TR and CMnSi-TRIP-
Arcelor steel grades. The indicated strain rate is the value reached at maximum true
stress
Hardening behaviour
To investigate the hardening behaviour, the strain hardening coefficient or n-value is calcu-
lated as a function of strain for the different stress-strain curves (see also section 4.3.1). In
figure 4.30(a) the evolution of the strain hardening coefficient as a function of the true strain is
represented for the investigated industrial TRIP steels and the laboratory made CMnAl-TRIP
steel. In the early stages of deformation, the strain hardening is highest for the CMnSi-TRIP-
Arcelor steel, followed by the CMnAl-TRIP. The temper rolled TKS TRIP steel shows the
lowest strain hardening in the beginning. After approximately 14 % of true strain, the strain
hardening coefficient of the CMnSi-TRIP-Arcelor steel begins to decrease. The decrease of
the strain hardening of both aluminium materials begins later during the deformation. The
evolution of the strain hardening of these two TRIP steels is similar. The CMnAl-TRIP steel
shows an important increase in strain hardening at the end of the deformation, before strain
localization occurs at the highest strain rates.
Figure 4.30(b) displays the strain hardening rate (dσtrue/dεtrue) for the two industrial steel
grades and the CMnAl-TRIP steel during dynamic deformation. Similar conclusions can
be drawn as in section 4.3.1. CMnSi-TRIP-Arcelor shows the highest strain hardening rate
due to the effect of silicon on the strain hardening rate of ferrite, whereas both aluminium
based TRIP steels have the lowest values. However, the strain hardening rates of the Si
and the two Al based TRIP steels become similar after approximately 15 % of true strain.
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(a) (b)
Figure 4.31: Influence of a bake hardening treatment on the engineering stress-strain curves (a) and
on the total energy dissipation (b) for the CMnAl-TRIP-TKS-TR and CMnSi-TRIP-
Arcelor steel grades
The behaviour of both the CMnAl-TRIP(-TKS-TR) steels shows a more constant evolution
during deformation, whereas the CMnSi-TRIP-Arcelor steel has a steeper decrease in strain
hardening rate.
Bake hardening behaviour
In order to study the effect of ageing on the mechanical properties of TRIP steels, bake
hardening treatments were applied to the CMnAl-TRIP-TKS-TR and CMnSi-TRIP-Arcelor
material. Bake hardening is a process that is similar to the process applied to a finished
part during the paint-baking process in the automotive industry. For the bake hardening
treatment considered in this study the samples were aged for 20 minutes at a temperature of
170◦C in a silicone oil bath. In figure 4.31(a) the comparison is made between stress-strain
curves for the CMnAl-TRIP-TKS-TR and CMnSi-TRIP-Arcelor steel with and without bake
hardening. Due to bake hardening significant changes occur in the yielding behaviour of
the material. The clear yield peak, observed at the onset of plastic deformation, disappears
with the bake hardening treatment. Figure 4.31(b) represents the total absorbed energy as a
function of the strain rate for these materials. Quite some scatter can be noticed, especially
the values of the CMnSi-TRIP-Arcelor BH0 steel are affected. See [1] for a more detailed
discussion on bake hardening of TRIP steels.
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4.4 Microstructural study and discussion
In this paragraph the results will be further microstructurally analysed. The techniques
discussed in section 3.5 are used to discover the underlying kinetics of the transformation and
the behaviour of the complex TRIP microstructure under dynamic deformation. Only the
general conclusions and major results of this microstructural study will be discussed in this
section. A more detailed discussion and a representation of all results can be found in the
doctoral thesis’s of L. Samek [1] and J. Bouquerel [19].
4.4.1 Light Optical Microscopy
Since the duration of one high strain rate test is 1.2ms, the important question is to determine
whether the deformation within the specimen is uniform along the gage length. After the split
Hopkinson tensile test, LOM micrographs are taken along the gage length of the specimen
to observe the response of the microstructure. Figure 4.32 shows different positions along
this gage length (x = 4.1mm is situated near the fracture surface, x = 0.2mm is near the
Hopkinson bar interface). First, it is clear that, near the rupture (4.1mm), the material is
more deformed than at 0.2mm. At x =4.1 mm, all phases are very elongated. The LOM
microstructures show that the deformation was quite uniform, except in the area near the
rupture [1].
            
 
 
                
               
    
        
        
             
            
           
               
              
                
               
            
               
   
Figure 4.32: CMnAl-TRIP microstructure along the gage length of the specimen after a high strain
rate test at a strain rate of 1323s−1 (magnification: x 625) [1]
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(a) (b)
Figure 4.33: Typical microstructure (SEM) of CMnAl-TRIP before deformation (a) and after high
strain rate deformation (1252s−1) (b). The austenite/martensite constituent appears
in white, ferrite in grey, bainite in dark grey (α: ferrite, γ: retained austenite and αB :
bainite)
4.4.2 Scanning Electron Microscopy
Results of SEM (Scanning Electron Microscopy) analysis are shown in figures 4.33(a) and
4.33(b) for the CMnAl-TRIP steel. Prior to deformation, the presence of micro-size retained
austenite islands throughout the microstructure is clear. The typical microstructure of the
CMnAl-TRIP steel after high strain rate deformation can be seen in figure 4.33(b): a dis-
persion of second phase (composed of bainite, retained austenite and martensite) embedded
in a matrix of equi-axed ferrite. These results are in accordance with the results found in
literature [20]. Comparison between the two figures clearly shows the large and uniform
deformation of the different phases.
The fracture surface of the specimens after static and dynamic tests until failure were also
studied using the SEM technique. Essential differences in fracture morphology were observed:
the dynamic fracture surface (figure 4.34(b)) clearly had larger dimples than the fracture
surface after static experiments (figure 4.34(a)).
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Voids were observed to be formed at inclusions within the steel grade (figure 4.34(c)). Deeper
voids were observed after high strain rate deformation. This can be due to the higher ductility
exhibited by TRIP steel at high strain rate. This effect can be caused by softening mechanisms
and adiabatic heating of the specimen operating during the high strain rate tests, as reported
in [21] [22]. No evidence for adiabatic shearing or cleavage fracture was observed. However, the
global morphology of the fracture surface did not vary much with composition or (dynamic)
strain rate.
This SEM analysis is also used to confirm the observations seen in figure 4.9(b) for CMnAl-
bainite in section 4.2.2. There it can clearly be seen that two types of behaviour of the bainite
phase can be distinguished. This effect is seen for all bainite compositions studied here and it
can be concluded that the bainite phase will contain retained austenite [23]. This leads to a
bulk material that is not homogeneous causing the two different types of stress-strain curves
observed in section 4.2.2. This is illustrated by figure 4.35 where the bulk of CMnSiAl-bainite
phase (0.39 wt.% C, 1.72 wt.% Mn, 0.53 wt.% Si, 1.02 wt.%, Al, 0.011 wt.% P) is presented.
This bulk CMnSiAl-bainite phase contains ∼ 15vol% retained austenite with 1.9 wt.% C. The
retained austenite is present both as film between bainite laths and as a larger blocky phase.
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(c)
Figure 4.34: SEM micrograph of the fracture surface of CMnAl-TRIP-LC after (a) static and (b)
high strain rate deformation (1205s−1) (magnification: x 1000). Micrograph (c) shows
an AlN precipitate observed for the CMnAl-TRIP-LC steel (1205s−1) (magnification:
x 3000)
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Figure 4.35: Typical SEM micrograph of the bulk CMnSiAl-bainite phase before deformation
4.4.3 X-ray diffraction measurements
By performing SEM examination the difference between austenite and martensite can how-
ever not be observed. In order to reveal the mechanisms governing the complex mechanical
behaviour of TRIP steels, the X-ray diffraction (XRD) patterns need to be investigated. In
figure 4.36 XRD patterns of non-strained specimens are compared with patterns of specimens
after static and dynamic tests. Only the ferrite (bcc) and austenite (fcc) peaks are considered
in the measurements and the diffractograms are obtained in the 19◦-40◦ 2θ-range using a
filtered molybdenum Kα radiation.
The diffractogram of the non-strained sample presents an initial amount of 12% of retained
austenite. After both static and dynamic tensile tests, the peaks relative to the austenite
phases tend to disappear. In the dynamic tests the temperature in the specimen is expected
to reach, at the end of the test, about 90-100◦C, this temperature increase tends to slow down
the strain induced martensitic transformation [24]. For the CMnAl-TRIP-LC not all of the
austenite is transformed: a clear (200)γ peak is still present in the XRD data. This confirms
that the retained austenite proportion in the material is more important after dynamic tests
(cf. Table 4.5 for the CMnAl-TRIP steel).
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Figure 4.36: X-ray diffraction pattern for the CMnAl-TRIP-LC steel, 2θ-range between 19◦ and 40◦
Volume fraction of retained austenite (%)
Non-strained 11.9
Statically strained (10−2s−1) 1.7
Dynamically strained (1700s−1) 2.8
Table 4.5: Volume fraction of retained austenite in a non-strained specimen and in specimens after
quasi-static and dynamic deformation
In figure 4.37, the XRD patterns for the undeformed CMnAl-TRIP and its constituent phases
are represented. The ferrite phase presents only bcc peaks: (110)α, (200)α and (211)α. As no
other phases were detected, it can be concluded that a plain ferrite is obtained. The diffrac-
togram of the separate bainite reveals the presence of both bcc and fcc peaks. This confirms
the LOM-observations: the bainite phase is not homogeneous and contains bainite and a
minor fraction of retained austenite. This explains the two types of stress-strain behaviour
observed for the bainite phase (see section 4.2.2). For one type the retained austenite does
probably not transform. For the other type on the contrary the austenite does transform caus-
ing more strain hardening than in the other type of curves. However, these conclusions should
be used with precaution, as there exist an error of 0.5% on the volume fraction calculations.
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(a) (b)
Figure 4.37: Pattern of the CMnAl-TRIP steel and its constituent phases, 2θ-range between 18.5◦
and 23.5◦ (a) and 28 and 36◦ (b)
The diffractogram of the austenite phase reveals the presence of both fcc and bcc phases. This
proves the presence of martensite formed during water quenching of the material after hot
rolling. For the austenite phase, the (111)γ and (200)γ peaks are present, but the (220)γ peak
is absent. This implies a strong texture generated during the hot rolling and water quenching.
This texture effect is also noticeable for the bcc phase present in the material, which does
not show a (200)α peak. XRD experiments were also carried out on the two industrial TRIP
steels (figure 4.38 and 4.39).
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(a)
(b)
Figure 4.38: X-ray diffraction pattern for the CMnAl-TRIP-TKS-TR steel, 2θ-range between 18◦
and 28.6◦ (a) and 27◦ and 36◦ (b)
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(a)
(b)
Figure 4.39: X-ray diffraction pattern for the CMnSi-TRIP-Arcelor steel, 2θ-range between 18◦ and
23.5◦ (a) and 26.5◦ and 36.5◦ (b)
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4.4.4 Transmission Electron Microscopy
Microstructural analysis by means of TEM (Transmission Electron Microscopy) on CMnAl-
TRIP-LC shows that in the final, relatively slow, cooling stage of the TRIP process some
of the austenite may transform to martensite. This is often the case for Si-free TRIP steels
which have a high Al content. Figure 4.40(a) shows a TEM micrograph of retained austenite
in an undeformed CMnAl-TRIP-LC steel. The partial transformation of the austenite to
a-thermal martensite is common in high-Al TRIP steels. Twinned martensite embedded in
retained austenite can be clearly observed by means of TEM (inset) [1] [23].
Figure 4.40(b) again shows the typical morphology of retained austenite in non-strained
CMnAl-TRIP-LC steel. For the non-strained material, few dislocations are observed to be
localized around the non-transformed retained austenite islands.
After static straining up to 25% of engineering strain, most of the retained austenite grains
transform totally to martensite, as shown in Figure 4.41. Nonetheless, microtwins can still
be observed in the austenite [1].
Figure 4.42 reveals that the austenite is not fully transformed to martensite after high strain
rate deformation, yet it shows the presence of deformation micro-twins in the retained austen-
ite and strain-induced martensite [1].
136
Chapter 4. Classical characterization
(a)
               
   
 
 
 
              
  
  
  
  
 
            
             
(b)
Figure 4.40: TEM-micrographs of retained austenite in an undeformed CMnAl-TRIP-LC steel [1]
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Figure 4.41: TEM-micrographs of CMnAl-TRIP-LC steel strained at 20◦C to an engineering strain
level of 25% [1]
4.5 Conclusions
The material properties are extensively characterized in this chapter. Not only by means of
static experiments, also by special developed high strain rate or dynamic experiments. Static
and dynamic experiments, with strain rates varying from 500 to 2000 s−1, are performed on
a wide array of TRIP steel grades with varying alloying elements (Al, Si, P). Several material
properties are discussed. The results are further analysed with different microstructural
characterization and quantification methods. The conclusions are the following:
• TRIP steels combine high strength with high ductility and offer therefore an excellent
crash energy absorption potential. The steels exhibit a remarkable uniform elongation
despite their strength levels. This is due to the composite-effect of the different phases
in the material and to the occurrence of the strain-induced transformation and thus the
TRIP effect.
• In dynamic conditions the strain rate has limited influence on the material properties.
However, an important increase is noticed when comparing static to dynamic conditions.
• The differences in strength, elongation and energy absorption levels observed between
the investigated materials can be attributed to their chemical composition. Silicon
contributes to a significant solid solution strengthening and thus high strength levels.
TRIP steels mainly alloyed with aluminium on the other hand exhibit lower strength
values but higher elongation levels. The work hardening of the latter is more constant
during deformation, whereas a high silicon content results in higher work hardening.
• Adiabatic heating during high strain rate deformation tends to slow down the strain
induced martensitic deformation.
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Figure 4.42: TEM-micrograph of CMnAl-TRIP-LC steel after high strain rate deformation
(1205s−1) [1]
A clear insight in the composite behaviour of aluminium containing TRIP steel was obtained
by examining the quasi-static and high strain rate deformation properties of the CMnAl-
TRIP steel and its constituent phases. The ferrite and bainite of the CMnAl-TRIP steel
were processed as bulk phases and a 301LN austenitic steel was used to assess the dynamic
behaviour of the martensite/austenite constituent in TRIP steel.
• The investigated materials exhibit a positive strain rate dependency for stress, strain
and energy absorption values. Except for the 301LN austenitic steel, the strain rate
dependency is not pronounced in the dynamic strain rate region.
• Ferrite causes high elongation values, bainite the high stress values in TRIP steels. The
martensite/austenite constituent is responsible for the excellent combination of high
stress and strain in the TRIP steel as well as for the important strain hardening.
• Microstructural observations show that the bainite phase is not homogeneous and con-
tains a minor fraction of retained austenite.
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5
Dynamic Constitutive Modelling
The strain rate and temperature dependent material behaviour cannot be de-
scribed in a general way. Various types of constitutive relations have been pro-
posed to describe this behaviour. In this chapter several models discussed in
section 2.3 are applied to the investigated materials of chapter 4. First a detailed
overview of the parameter determination is given. Afterwards the phenomenolog-
ical and semi-phenomenological models are discussed together with a summary
of the research conducted on the micromechanical modelling of TRIP steels. By
looking at the different parameters objective conclusions are drawn on the material
behaviour.
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5.1 Model overview
In section 2.3 various types of constitutive relations have been proposed to describe the strain
rate and temperature dependent material behaviour. The most commonly used constitutive
equations that describe the dynamic behaviour of materials, relate the (true) flow stress σtrue
with the (true) plastic strain true,p. Strain rate sensitivity is expressed in terms of hardening
and also a thermal softening term is needed (see section 2.2.3 and equation 2.10). For each
value of strain, the according temperature has to be considered and integrated in the model.
A general overview of these material models can be found in section 2.3, here a short overview
of these models is given in table 5.1.
Model Material References
Hollomon Al-alloys, sheet metals, pearlitic steel, [1] [2] [3] [4] [5] [6]
DP steel
Cowper-Symonds Al-alloys, aluminium, mild steel, [7] [8] [9] [10] [11] [12]
carbon steel, TRIP steel
Johnson-Cook Al-alloys, low carbon steel, sheet metals, [13] [14] [15] [16] [17]
HSS steel, Ti-alloy, TRIP steel [18] [19] [20]
Extended Ludwig Al-alloys, sheet metals, epoxy [16] [21] [22]
Zhao aluminium, mild steels [16] [23]
Zerilli-Armstrong 304L stainless steel, copper, Armco iron, [24] [25] [26] [27]
tantalum, Ti-alloy, HSLA steel
Rusinek-Klepaczko mild steels, sheet steels, TRIP steel, [28] [29] [30] [31] [32]
DP steel
Table 5.1: Overview of various material models and the materials upon which they apply
As can be seen from the table most steels can be applied to a wide range of materials and are
typically used for sheet materials. The first five material models are so-called phenomeno-
logical models, based on readily available macroscopic parameters (see also section 2.3). The
other two models are semi-phenomenological models and have a more solid physical base (see
section 2.3.2). In a preliminary study the phenomenological models are examined [33]. In
this work the Johnson-Cook model, the extended Ludwig model and the Zhao model gave
the best results and are therefore further investigated in this work.
The Rusinek-Klepaczko model is preferred to the Zerilli-Armstrong model to describe the
behaviour of TRIP steels, since the original Zerilli-Armstrong model has separate constitutive
relations for fcc and bcc materials. So, for TRIP steels a mixture law combining these two
relations needs to be developed. Moreover the Rusinek-Klepaczko model has shown to be
suited to describe the behaviour of TRIP steels [32].
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5.2 Parameter determination
In order to validate the different material models discussed in section 2.3, the model parame-
ters need to be obtained using a certain curve-fitting algorithm. Two different algorithms are
evaluated: the least squares (LSQ) method and the genfit algorithm available in the mathe-
matical software package Mathcad which uses the Levenberg-Marquardt algorithm (LMA).
The method of least squares, also known as regression analysis, is used to model numerical
data obtained from observations by adjusting the parameters of a model so as to get an
optimal fit of the data. The best fit is characterized by the least value of the sum of squared
residuals, a residual being the difference between an observed value and the value given by the
model. The method was first described by Carl Friedrich Gauss around 1794 [34]. Regression
analysis is available in most statistical software packages.
The Levenberg-Marquardt algorithm provides good protection against divergence [35] [36].
The LMA interpolates between the Gauss-Newton algorithm (GNA) for non-linear LSQ prob-
lems and the method of gradient descent. The LMA is more robust than the GNA, which
means that in many cases it finds a solution even if the initial guess values are very far off
the final minimum. On the other hand, for well-behaved functions and reasonable starting
parameters, the LMA tends to be a bit slower than the GNA. The LMA is a very popu-
lar curve-fitting algorithm; most software with generic curve-fitting capabilities provide an
implementation of it.
The difference in results between both algorithms is investigated for different materials, models
and strain rates. Similar conclusions can be drawn than the ones presented here. In figure
5.1 the parameters of the Johnson-Cook model [15] are fitted using both algorithms for the
CMnAl-TRIP-LC steel. For both high and low strain rates little difference is observed between
the results of the LMA and LSQ algorithm. The Levenberg-Marquardt algorithm does not
yield any added value to the more straightforward LSQ algorithm. Therefore the latter
method was used for the determination of the model parameters.
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(a) (b)
Figure 5.1: Comparison between the LMA and the LSQ algorithm in order to fit the parameters of
the Johnson-Cook model for the CMnAl-TRIP-LC steel
Not only the algorithm is important when fitting the model to the experimental data, also
the precise way of using the data in order to get the model parameters is important. In this
work the quasi-static experiment is used together with three representative dynamic curves to
obtain the general model parameters over the experimental strain rate range. Three different
methods are investigated to fit the parameters of the Johnson-Cook model [15] (see section
2.3.1):
σ =
(
A+B np
) (
1 + C ln
˙
˙0
) (
1−
[
T − Troom
Tmelt − Troom
]m)
(5.1)
The parameters A, B and n are usually obtained from the quasi-static experiments; C and
m are derived from high strain rate experiments [13] [14] [16] [17]. Yet, these three methods
were used to obtain the model parameters:
• Method 1: A, B and n are obtained from the quasi-static experiment, C and m are an
average value of the C and m obtained for each of the representative dynamic curves
separately
• Method 2: A, B and n are obtained from the quasi-static experiment, C and m are
optimal values for all representative dynamic curves
• Method 3: A, B, n, C and m are obtained considering all the representative quasi-static
and dynamic curves
In figure 5.2 these three methods are compared with each other for the CMnAl-TRIP (a), (b)
and the CMnSi-TRIP steel (c), (d). As can be seen in section 4.2.1, these steels show the two
extreme shapes of the stress-strain curves. For the CMnAl-TRIP steel, only minor differences
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(a) (b)
(c) (d)
Figure 5.2: Comparison between three different parameter fitting methods for the Johnson-Cook
model for the CMnAl-TRIP (a), (b) and the CMnSi-TRIP steel (c), (d)
exist between the different fitting methods. Yet, for the CMnSi-TRIP steel large differences
between the different methods can be observed near the necking of the specimen. For most of
the experiments figures similar to figure 5.2(c) can be seen, where method 3 shows the best
fit. Although other curves are more similar to figure 5.2(d), where method 1 shows the best
fit. This is probably due to the large dispersion in material properties and thus stress-strain
curves for the CMnSi-TRIP steel (see also sections 4.2.1 and 4.3.1).
In the following sections all model parameters are obtained using method 1 where the static
parameters are obtained from the (quasi-)static experiment, the other parameters are obtained
as an average value of the parameters determined for each of the representative dynamic
curves separately. This method is preferred because similar methods are recommended by
literature [15] [13] [14] [16] [17].
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The quasi-adiabatic temperature increase in the specimen during high strain rate plastic
deformation is calculated using the following formula [37]:
∆T =
β
ρc
∫
σdεp (5.2)
In this equation ρ is the mass density, c the specific heat and β a coefficient indicating the
fraction of plastic work converted into heat (see section 2.3.1).
For all models the actual (varying) distribution of the strain rate is taken into account instead
of using a constant average strain rate value.
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5.3 Phenomenological modelling
The empirical or phenomenological models account for the viscoplastic behaviour and thermal
softening of steel at higher strain rates. The proposed models are based on readily available
macroscopic parameters and consider the typical conditions during high strain rate loading,
i.e. strain hardening, strain rate hardening and thermal softening.
The experimental data on the TRIP steels obtained in sections 4.2.1 and 4.2.3 are used to
validate three phenomenological material models: the Johnson-Cook model [15], a Ludwig-
type model [16] and the Zhao model [23]. These models, or variants of these models, are
frequently used for the numerical simulation of steel structures subjected to impact loading
(see section 2.3.1). The validation is illustrated with three different laboratory steel grades:
CMnAl-, CMnSi- and CMnSiAl-TRIP steel, and the two investigated industrial TRIP steels:
CMnAl-TRIP-TKS-TR and CMnSi-TRIP-Arcelor. These steels have not only a distinct
alloying content, but also have very distinct curve shapes.
5.3.1 Laboratory steel grades
In figures 5.3 and 5.4 the curves obtained with the three material models mentioned above
are compared with an experimentally obtained stress-strain curve for three of the investigated
laboratory steel grades: CMnAl-, CMnSi- and CMnSiAl-TRIP. Similar results are obtained
for the other laboratory steel grades [38].
For the CMnAl-TRIP steel, the Johnson-Cook model and the Zhao model give the best results
at low and high strain rates. The extended Ludwig model on the other hand approaches least
of all the experimental data. For the lower strain rate range, the model underestimates
the experimental data at larger deformation. For the higher strain rate range the model
underestimates the data at the beginning of deformation.
This is in contrast with the results for CMnSi- and CMnSiAl-TRIP steel, where the Ludwig
model gives a good agreement. However, the other two models also show a good fit. For the
CMnSi-TRIP steel the Zhao model is least appropriate to describe the experimental curves:
in both figures 5.3(b) and 5.4(b) the model clearly overestimates the final true stress and for
higher strain rates the Zhao model shows a large underestimation of lower stress levels. For
the CMnSiAl-TRIP steel all models show similar results.
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(a) (b)
(c)
Figure 5.3: Comparison between the experimental data and the investigated models for the CMnAl-
TRIP (a), the CMnSi-TRIP (b) and the CMnSiAl-TRIP steel (c) at a low strain rate
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(a) (b)
(c)
Figure 5.4: Comparison between the experimental data and the investigated models for the CMnAl-
TRIP (a), the CMnSi-TRIP (b) and the CMnSiAl-TRIP steel (c) at a high strain rate
range
For the investigated range of strain rates and for the investigated TRIP steels the Johnson-
Cook model has the most potential to have an accurate description of the experimental data.
The Ludwig and Zhao model give good descriptions for some of the investigated steels, yet
for the other steel grades no good fit can be obtained.
The values of the Johnson-Cook model parameters are presented in table 5.2, the parameters
A, B and n are obtained from the quasi-static experiments; C and m are derived from high
strain rate experiments. ˙0 = 5.6 10−4s−1 is chosen as a reference value of the strain rate.
If these results are compared with figure 4.17 in section 4.3.1 of chapter 4, it is clear that
CMnSiAl-TRIP steel has a higher strain hardening, which is reflected in a higher n parameter
in the Johnson-Cook model. It is also important to note that CMnSi-TRIP steel has a higher
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strain rate dependency (characterized by the C parameter). CMnAl-TRIP on the other hand,
shows a greater m parameter in the Johnson-Cook model and is therefore more temperature
dependent than the other steels.
Steel grade A B n C m
CMnAl-TRIP 493 1033 0.69 0.008 2.17
CMnSi-TRIP 437 2484 0.68 0.036 0.28
CMnSiAl-TRIP 436 2293 0.85 0.015 0.47
Table 5.2: Johnson-Cook model parameters for three of the investigated laboratory steel grades
The values of the extended version of the Ludwig model parameters are presented in table
5.3. In this model a1, b1, n1 are the static parameters corresponding with respectively A,
B and n in the Johnson-Cook model (their value can be found in table 5.2). Next to the
thermal softening parameter (=0.0011) obtained from literature [23], six parameters have to
be determined on the basis of the high strain rate experiments. The same remarks on the
strain hardening behaviour can be made as for the Johnson-Cook model.
Steel grade a2 a3 b2 b3 n2 n3
CMnAl-TRIP -52.45 1.32 54.35 6.37 -0.0019 −2.43.10−5
CMnSi-TRIP -107.5 -0.12 -16.64 -8.77 -0.038 −9.71.10−4
CMnSiAl-TRIP -76.68 0.69 -26.13 -10.57 -0.036 −9.21.10−4
Table 5.3: Extended Ludwig model parameters for three of the investigated laboratory steel grades
In table 5.4 the values of the model parameters for the Zhao law are listed for the different
materials. The value of parameters A, B and n (referring to the static behaviour) can again
be found in table 5.2. Notice the deviating result for the D- and m-parameter of the CMnAl-
TRIP steel. This is due to the difficult convergence of the model to the experimental curve
of CMnAl-TRIP steel.
Steel grade C D m E k
CMnAl-TRIP -89.06 13.8 -0.31 143.14 0.27
CMnSi-TRIP -99.94 5.33.103 3.74 130.19 0.25
CMnSiAl-TRIP -101.46 6.08.105 8.75 128.5 0.25
Table 5.4: Zhao model parameters for three of the investigated laboratory steel grades
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(a) (b)
Figure 5.5: Comparison between the experimental data and the models for the CMnAl-TRIP-TKS-
TR (∼ 710s−1) (a) and CMnSi-TRIP-Arcelor steel grades (∼ 561s−1) (b)
As a conclusion the author would like to recommend the use of the Johnson-Cook model
for describing the complex material behaviour of TRIP steels. Due to its limited amount
of parameters and its straightforward use and interpretation the Johnson-Cook model is
preferred above the other investigated material models. Its availability in commercial finite
element codes is an additional advantage.
5.3.2 Industrial steel grades
In figures 5.5 and 5.6 the curves obtained with the three material models mentioned above
are compared with the experimentally obtained stress-strain curve for the investigated in-
dustrial steel grades. For the CMnAl-TRIP-TKS-TR steel, the Johnson-Cook model gives
the best agreement for different strain rates. This model has the additional advantage that
it is implemented in most finite element codes. The Zhao model approaches least of all the
experimental results.
The extended Ludwig model gives the best fit for the CMnSi-TRIP-Arcelor steel. The
Johnson-Cook model overestimates the experimental results for the CMnSi-TRIP-Arcelor.
In table 5.5 the value of the Johnson-Cook model parameters calculated for the investigated
industrial steel grades are given.
The values of the extended version of the Ludwig model parameters for the industrial steel
grades are presented in table 5.6. Again, a1, b1, n1 are the static parameters corresponding
with respectively A, B and n in the Johnson-Cook model of table 5.5. the six parameters that
need to be determined on the basis of the high strain rate experiments, next to the thermal
softening parameter (=0.0011) [23], can be found in table 5.6.
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(a) (b)
Figure 5.6: Comparison between the experimental data and the models for the CMnAl-TRIP-TKS-
TR (∼ 1848s−1) (a) and CMnSi-TRIP-Arcelor steel grades (∼ 1646s−1) (b)
Steel grade A B n C m
CMnAl-TRIP-TKS-TR 494 1429 0.79 0.014 0.86
CMnSi-TRIP-Arcelor 412 2145 0.66 0.014 0.76
Table 5.5: Johnson-Cook model parameters for the investigated industrial steel grades
Steel grade a2 a3 b2 b3 n2 n3
CMnAl-TRIP-TKS-TR -49.51 1.41 27.41 0.28 -0.011 −1.69.10−4
CMnSi-TRIP-Arcelor -81.86 0.52 12.96 -3.11 -0.024 −6.35.10−4
Table 5.6: Extended Ludwig model parameters for the investigated industrial steel grades
The values of the Zhao model parameters for the industrial steel grades are presented in
table 5.7. The value of parameters A, B and n can be found in table 5.5. The values of the
remaining parameters are given in table 5.7. Please notice the deviating result for the D- and
m-parameter of the CMnSi-TRIP-Arcelor steel. This is due to the difficult convergence of the
model to the experimental curve of CMnSi-TRIP-Arcelor steel.
Steel grade C D m E k
CMnAl-TRIP-TKS-TR -74.796 53.24 -0.105 159.1 0.28
CMnSi-TRIP-Arcelor -96.04 2.46.105 6.65 134.57 0.26
Table 5.7: Zhao model parameters for the investigated industrial steel grades
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(a) (b)
Figure 5.7: Comparison between the experimental results and the Johnson-Cook and Rusinek-
Klepaczko constitutive models for CMnAl-TRIP steel at 704s−1 (a) and 1700s−1 (b)
5.4 Semi-phenomenological modelling
The previous constitutive relations are quite general and it can be imagined that constitutive
relations taking into account the individual nature of the materials will lead to a better
description of the behaviour. Therefore, semi-phenomenological models are developed. A
drawback of these models is that several new parameters need to be determined using micro-
mechanical observations and testing techniques (see section 2.3.2).
In this section the Rusinek-Klepaczko model [28] is compared with the Johnson-Cook model
(see previous section 5.3). This semi-phenomenological model is preferred to the Zerilli-
Armstrong model (see section 2.3.2) to describe the behaviour of TRIP steels, since the origi-
nal Zerilli-Armstrong model [24] has separate constitutive relations for fcc and bcc materials.
So, for TRIP steels a mixture law combining these two relations (as for the micro-mechanical
model described in section 2.3.3) should have to be developed. Moreover the Rusinek-
Klepaczko model has shown to be suited to describe the behaviour of TRIP steels [28] [30] [32].
5.4.1 Laboratory steel grades
In figure 5.7 it can be seen that for the CMnAl-TRIP steel the Johnson-Cook model gives
best agreement for low as well as for high strain rates. The results are in accordance with
the outcome found in literature (e.g. [30]). Both models show an overestimation of the
stress below 10% deformation. At higher strains however, the stress is underestimated. The
Rusinek-Klepaczko model has a more correct prediction of the uniform elongation.
Similar results can be found for other TRIP steel grades, see figure 5.8. It can be noticed
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(a) (b)
(c)
Figure 5.8: Comparison between the experimental data and the Johnson-Cook and Rusinek-
Klepaczko constitutive models for the CMnAl-TRIP (a), the CMnSi-TRIP (b) and the
CMnSiAl-TRIP steel (c) at a strain rate of ∼ 1240s−1
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that, compared with the Rusinek-Klepaczko model, the Johnson-Cook model also offers the
best result for the laboratory CMnSi- and CMnSiAl-TRIP steel. For these TRIP steels the
Johnson-Cook again overestimates the stress at lower strains, at higher strains Johnson-Cook
gives an overestimation. The Rusinek-Klepaczko clearly underestimates the stress of the
CMnSi-TRIP steel. Yet, for larger deformations and for predicting the uniform deformation,
the Rusinek-Klepaczko model gives the better results.
The values of the Rusinek-Klepaczko model parameters are presented in table 5.8, the other
parameters can be found in literature [30] [32] and are given in table 5.9. B0, the plastic
modulus at 0K, and n0, the strain hardening at 0K, for the TRIP steels are chosen equal for
the different TRIP steel grades [32].
Steel grade B0 n0 D1 ν σ∗0 m D2
[−] [MPa] [−] [−] [−] [MPa] [−] [−]
CMnAl-TRIP 1506.12 0.32 1.22 -0.74 493 8.74 0.31
CMnSi-TRIP 1506.12 0.32 0.15 2.07 437.6 -2.62 -1.14
CMnSiAl-TRIP 1506.12 0.32 -0.038659 1.376 435.7 5.76 -1.113
Table 5.8: Rusinek-Klepaczko model parameters for three of the investigated laboratory steel grades
E0 θ
∗ Tm ε˙max ε˙min
[GPa] [−] [K] [s−1] [s−1]
212 0.59 1750 107 10−5
Table 5.9: Rusinek-Klepaczko model parameters for three of the investigated laboratory steel grades
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(a) (b)
Figure 5.9: Comparison between the experimental data and the Johnson-Cook and Rusinek-
Klepaczko constitutive models for the CMnAl-TRIP-TKS-TR (∼ 710s−1) (a) and
CMnSi-TRIP-Arcelor steel grades (∼ 561s−1) (b)
5.4.2 Industrial steel grades
In figures 5.9 and 5.10 a comparison is made between the Johnson-Cook model and the
Rusinek-Klepaczko model for the two investigated industrial steel grades CMnAl-TRIP-TKS-
TR and CMnSi-TRIP-Arcelor. It can be seen that no large differences exist between these
two models for the Al-based TRIP steel. Both models give a very good approximation of the
experimental stress-strain curve for low and high strain rates. For higher strain rates, the
Rusinek-Klepaczko model shows the best prediction of the stress at the end of deformation,
before failure occurs. Whereas the Johnson-Cook model overestimates the experiments at
this point.
For the CMnSi-Arcelor steel however, it can be noticed in figure 5.9(b) that the Johnson-
Cook model does not give the best result which is not in accordance with the results found in
literature [28] [30]. The Rusinek-Klepaczko model also shows a good prediction of the ultimate
stress. This is also observed for other strain rates, the experimental result for a strain rate
of ∼ 1646s−1 is an exception. Here, both the Johnson-Cook and Rusinek-Klepaczko model
show a bad prediction of the experimental data.
The values of the Rusinek-Klepaczko model parameters for the industrial TRIP steel grades
are presented in table 5.10, the other parameters can be found in table 5.9. B0, the plastic
modulus at 0K, and n0, the strain hardening at 0K, for the TRIP steels are chosen equal for
the different TRIP steel grades [32].
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(a) (b)
Figure 5.10: Comparison between the experimental data and the Johnson-Cook and Rusinek-
Klepaczko constitutive models for the CMnAl-TRIP-TKS-TR (∼ 1848s−1) (a) and
CMnSi-TRIP-Arcelor steel grades (∼ 1646s−1) (b)
Steel grade B0 n0 D1 ν σ∗0 m D2
[−] [MPa] [−] [−] [−] [MPa] [−] [−]
CMnAl-TRIP-TKS-TR 1506.12 0.32 -0.017 0.39 494 12.71 -1.02
CMnSi-TRIP-Arcelor 1506.12 0.32 0.067 0.23 412 14.29 -0.35
Table 5.10: Rusinek-Klepaczko model parameters for the investigated industrial steel grades
Due to the complexity of the Rusinek-Klepaczko equation, the different parameters in tables
5.8 and 5.10 are very difficult to interpret. Therefore the use of the Johnson-Cook model
for describing the complex material behaviour of TRIP steels is recommended. Due to its
limited amount of parameters and its straightforward use and interpretation, the Johnson-
Cook model is preferred above the other investigated material models. Its availability in
commercial finite element codes is an additional advantage.
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5.5 Micro-mechanical modelling
A totally different group is constituted by the micro-mechanical models, which are based
on the micro-mechanics of the materials and use properties such as grain size, dislocation
density, etc. These models are more difficult to implement in FE and usually contain a lot of
parameters. Yet they give a clear insight in the material and the transformation. A recently
developed micro-mechanical model is described in section 2.3.3.
This model gives a good description of the static behaviour of TRIP steels [39] and is based
on a multilevel approach where the multiphase TRIP steel is decomposed in its different
constitutive phases (figure 2.14). TRIP steel consists of two main constituents: polygonal
ferrite and bainite. The bainitic constituent can, in turn, be decomposed into bainitic ferrite
and the martensite/austenite (M/A) constituent. Finally, the M/A constituent is a two-phase
mixture of retained austenite and martensite. Each of the two phases is linked to each other
with a two phase Gladman-type mixture law [40].
In this section only a global overview will be given on the results obtained with this model.
More in-depth information, up-to-date results and discussions on this micro-mechanical model
can be found in the following publications of J. Bouquerel: [39] [41] [42] [43].
5.5.1 Static behaviour
At first, the model is applied to each material after static deformation. The constants are
determined using micro-mechanical observation and testing techniques together with generally
accepted values found in literature (e.g. [39] [44]). In figure 5.11(a) the result of the modelling
is shown for CMnAl-ferrite, as can be seen the model accurately predicts the experimental
stress-strain curve.
Modelling the bainitic ferrite however is much more difficult since no experimental data is
available for comparison (see also section 4.2.2). Yet, bainitic ferrite is very similar to polyg-
onal ferrite with a smaller grain size and a higher dislocation density. Therefore the results
of the polygonal ferrite are used as an approximation of the behaviour of bainitic ferrite. A
similar problem occurs for the modelling of the retained austenite and martensite: no clear
experimental data is available for comparison. In this case the M/A constituent is modelled
using experiments on the metastable 301LN austenitic steel (see also section 4.2.2). The
results can be seen in figure 5.11(b).
In figure 5.11(c) the results for the static tests on CMnAl- and CMnSi-TRIP steel are shown.
For both steel grades a good fit is obtained. More results on other steel grades can be found
in [42]. At least for the static data the micro-mechanical model seems to better predict the
behaviour of the TRIP steels than the previously discussed (semi-)phenomenological models.
160
Chapter 5. Dynamic Constitutive Modelling
0 5 10 15 20 25 30
0
200
400
600
T r
u e
 S
t r
e s
s ,
 M
P a
True Strain, %
CMnAl Ferrite TR 1%
 experiment
 model
(a)
              
 
  
 
 
 
  
 
 
  
 
 
 
 
 
 
 
 
  
0 5 10 15 20 25 30 35 40
0
200
400
600
800
1000
1200
Tr
ue
 S
tr
es
s,
 M
Pa
True Strain, %
Austenite 301 LN
 experiment
 model
 
                  
                
               
              
  
 
   
                 
                    
                
                
                 
                 
 
 
 
(b)
              
 
 
 
 
  
 
 
  
 
 
 
 
 
  
 
  
        
 
 
  
 
 
  
 
0 5 10 15 20 25 30
0
200
400
600
800
1000
1200
Tr
ue
 S
tr
es
s,
 M
Pa
True Strain, %
 CMnSi TRIP experiment
 CMnSi model
 CMnAl TRIP experiment
 CMnAl model
 
               
             
            
             
    
 
 
 
 
(c)
Figure 5.11: Comparison between the experimental data and the micro-mechanical model for the
CMnAl-ferrite (a), the 301LN austenitic steel (b) and the CMnAl- and CMnSi-TRIP
steel (c) after static deformation [45]
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5.5.2 High strain rate behaviour
The global model that includes temperature and strain rate effects is applied to the CMnAl-
TRIP steel submitted to a strain rate of 1246s−1 [42]. The modelled stress-strain curve is
compared to the experimental one, in figure 5.12. The model gives a good prediction of the
experimental results.
Figure 5.12: Comparison between the experimental data and the micro-mechanical model for the
CMnAl-TRIP steel after high strain rate deformation (1246s−1) [42]
The current model uses physically meaningful parameters in order to describe the stress-strain
curve of a complex multiphase microstructure. In-depth research described in the PhD of J.
Bouquerel shows that the model is very sensitive to temperature and strain rate, as can be
expected. Yet, it is also highly dependent on how the transformation kinetics is expressed.
Moreover, there are a lot of incertitudes on the determination of the α and β parameters of the
Olson Cohen law [46], since they present both the temperature and strain rate dependence.
More detail can again be found in the PhD of J. Bouquerel [42].
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5.6 Conclusions
The observed behaviour can be described by laws or material models. Several of these models
are applied to the investigated materials. Phenomenological and semi-phenomenological mod-
els are discussed together with a summary of the research conducted on the micromechanical
modelling of TRIP steels. By looking at the different model parameters objective conclusions
are drawn on the exhibited material behaviour. These models can then be used to determine
the structural behaviour by implementing it in Finite Element (FE) codes.
• Phenomenological models can describe the complex strain rate and temperature de-
pendent behaviour. For the CMnAl-TRIP the Johnson-Cook model and an extended
version of the Ludwig model were found to result in a good fit with the experimen-
tal data. All investigated models show good agreement with the experiments for the
CMnSi-TRIP and CMnSiAl-TRIP steel.
• The widely-used Johnson-Cook model is recommended for describing the complex mate-
rial behaviour of TRIP steels. Due to its limited amount of parameters and its straight-
forward use and interpretation, the Johnson-Cook model is preferred above the other
investigated phenomenological models. Its availability in commercial finite element
codes is an additional advantage.
• The semi-phenomenological Rusinek-Klepaczko model shows a good agreement with the
experimental results. Yet, the Johnson-Cook model is preferred over this more physically
based model because of its straightforward use. The Rusinek-Klepaczko model however
can give an important insight in the nature of the material.
As a concluding remark the author would like to add that the parameters were determined
using the the true stress - true strain curves of the materials. The slope, and thus the strain
hardening, of these curves can also be dtermined by the dσ/dε-curve. Fitting the investigated
constitutive relations to this curve would probably lead to interesting results and conclusions.
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6
Advanced characterization of TRIP steels
In this chapter the results of several advanced dynamic tensile testing tech-
niques are presented: strain rate jump experiments, SHTB experiments at in-
creased temperature and interrupted SHTB experiments. More information on
the development and the design issues of these advanced characterization meth-
ods can be found in chapter 3. These non-straightforward techniques can offer
additional information on the high strain rate behaviour of the TRIP steels and
especially on the martensite transformation. Moreover, the data obtained with
these techniques are valuable tools to further validate the investigated material
models.
169
Chapter 6. Advanced characterization of TRIP steels
6.1 Strain rate jump experiments
During standard SHTB experiments the generated strain rate in the specimen is approxi-
mately constant (see chapter 4). During strain rate jump experiments on the other hand a
sudden change in the strain rate is induced. Many studies using the principle of the strain rate
jump have been carried out to show the deformation history effect on the material behaviour
and to connect these macroscopic observations to the microstructural evolution [1] [2] [3].
Tests with a strain rate jump are particularly important in the determination of constitutive
relations of the material behaviour because the microstructure is supposed to have no signif-
icant evolution in the course of the rapid change of strain rate. Therefore, the variation of
stress is a direct measure of the variation of flow stress with strain rate for one microstructure.
In paragraph 3.2.1 the experimental technique for decremental strain rate jumps is already
presented. In this section the experimental results and the comparison between results and the
constitutive relations are described. The experiments are performed on the Al-based CMnAl-
TRIP steel (see also table 4.1 in section 4.2.1). An Al-based TRIP steel is chosen because of
its large deformation potential (see section 4.2.1). In this way it is more straightforward to
observe the two different strain rates and to define the strain rate at maximum stress.
6.1.1 Experiments
In figure 6.1 the effect of the newly developed technique for strain rate jump experiments on
the strain rate can be clearly seen. The jump created by the special impactor is definitely
effective. In figure 6.1(a) the time history of the strain rate of one of the strain rate jump
experiments is compared to two classic SHTB experiments. The dashed curve (at a strain
rate of 1700s−1) represents the strain rate curve of a tensile experiment performed at a similar
impactor speed as the jump experiment. The strain rate before the jump is thus very similar
to the strain rate of this classic tensile experiment. A comparison is also made to a tensile
experiment with a strain rate similar to the final strain rate of the jump experiment. It can be
noticed that a clear plateau before the drop in strain rate is lacking. This is due to the small
strain where the strain rate jump occurs. The jump is occurring early during deformation
so that the maximum stress is situated in the second plateau and that the strain rate at
maximum stress can be clearly defined.
A higher velocity of the impactor, and thus a higher strain rate, causes the time to the onset
of fracture to decrease faster than the increase of the strain at fracture. Therefore the strain
at which occurs the jump will increase as well. The phenomenon can be well observed in
figure 6.1(b).
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(a) (b)
Figure 6.1: Comparison of the rate of deformation of decremental strain rate jump experiments with
classic experiments (a) and with each other (b) for the CMnAl-TRIP steel grade during
dynamic deformation. The indicated strain rate is the value reached at maximum stress
In Figure 6.2 the engineering stress-strain curves of corresponding to the experiments of figure
6.1(a) are represented. It can be seen that no large differences exist between the classic tensile
curves and the curve of the decremental strain rate jump experiment. Only a slight decrease
of the tensile strength is observed. It can thus be concluded that the differences caused by
the strain rate jump are ranged within the experimental scatter on the experiments.
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Figure 6.2: Representative high strain rate engineering stress-strain curves for the classic and the
strain rate jump tensile experiments on the CMnAl-TRIP steel. The indicated strain
rate is the value reached at maximum stress
6.1.2 Analysis of the experiments
In figure 6.3(a) the tensile strength as a function of the strain rate is presented for both the
classic and the strain rate jump tensile experiments on the CMnAl-TRIP steel. For the strain
rate jump experiment the lowest of both strain rates is chosen, i.e. the strain rate reached
at maximum stress. It can be seen that the jump experiments show a lower tensile strength
than the experiments with a constant strain rate. However, due to the limited number of
experiments, no final conclusions can be drawn on the strain rate dependency of these jump
experiments.
As discussed earlier in chapter 4, the uniform elongation of the classic experiments on CMnAl-
TRIP steel shows a more unclear strain rate dependency (figure 4.13). Yet, it can be seen
that the uniform elongation of CMnAl-TRIP has a more or less pronounced maximum. The
strain rate jump experiments show more ductility than the classic tensile experiments (figure
6.3(b)). For the limited number of experiments, the strain rate dependency is positive.
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(a) (b)
Figure 6.3: Tensile strength (a) and uniform elongation (b) as a function of strain rate for the classic
and the strain rate jump tensile experiments on the CMnAl-TRIP steel. The indicated
strain rate is the value reached at maximum stress
In figure 6.4 the energy dissipated by CMnAl-TRIP steel at 10 % strain and until maximum
stress is given as a function of the strain rate next to the total energy dissipation. From this
figure it is clear that both types of experiments exhibit a positive strain rate dependency for
the energy absorption at 10% strain. Due to the lower tensile strength, the energy absorption
values at 10 % deformation will also be lower when the specimen is loaded with a decremental
strain rate jump.
However, when looking at the energy dissipation until maximum stress quite another trend is
visible. First of all, the energy absorption until maximum stress is higher for the jump exper-
iments than for the classic tensile experiments. The higher uniform elongation compensates
thus the lower energy absorption potential during early deformation. The CMnAl-TRIP steel
shows a more or less pronounced maximum. It seems that the jump experiments tend to
follow this trend. For the total energy absorption in figure 6.4(c) no large differences exist
between the two experiment types.
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(a) (b)
(c)
Figure 6.4: Energy absorption up to 10 % deformation (a), until maximum stress (b) and the total
energy absorption as a function of strain rate for the classic and the strain rate jump
tensile experiments on the CMnAl-TRIP steel. The indicated strain rate is the value
reached at maximum stress
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(a) (b)
Figure 6.5: Upper yield stress and true stress at 10 % and 20% deformation as a function of the
strain rate for the classic and the strain rate jump tensile experiments on the CMnAl-
TRIP steel. The indicated strain rate is the value reached at resp. upper yield stress
and maximum true stress
Another view on the energy absorption potential can be given by looking at the stress levels
at a certain level of strain. In figure 6.5(a) the upper yield stress is given as a function of the
strain rate at this upper yield stress. For the CMnAl-TRIP steel after classic dynamic testing
a clear positive strain rate dependence can be seen. For the strain rate jump experiments, on
the other hand, no positive, yet a negative influence of the strain rate is observed. The upper
yield stress values are situated beneath the values of the classic experiment. See also figure
6.3(a) for the tensile strength. These findings suggest that the lower stress levels observed in
the jump experiments cannot be attributed to the strain rate jump.
In figure 6.5(b) the true stress at 10% and 20% deformation is given as a function of the strain
rate at maximum true stress for the classic and the strain rate jump tensile experiments on
the CMnAl-TRIP steel. See also equations (2.8) and (2.9) for the relation between true and
engineering values of stress and strain. The trendlines of the strain rate jump experiments
are very parallel to those of the classic experiments. The difference between both testing
techniques is similar to the difference seen in the tensile strength (figure 6.3(a)). All curves
show a positive strain rate dependence.
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Hardening behaviour
In figure 6.6(a) the evolution of the strain hardening coefficient as a function of the true strain
is represented for the classic and the strain rate jump tensile experiments on the CMnAl-
TRIP steel (see also figure 6.1(a)). Between the two classic tensile experiments no great
difference is observed in the shape of the strain hardening curve. The curve of the strain
rate jump experiment shows however some peculiarities. At the early stages of deformation,
this curve seems to follow the classic curves. After 10 % deformation, however, the strain
rate jump curve shows a steep increase in the n-value. After this steep increase the strain
hardening returns to the values reached in the classic tensile experiments. As can be seen
on figure 6.6(a) this sudden increase in strain hardening corresponds with the drop in strain
rate of the strain rate jump experiment.
Similar conclusions can be drawn when looking at the strain hardening rate (dσtrue/dεtrue)
in figure 6.6(b). At 10 % deformation the strain hardening rate of the strain rate jump
experiment drops a bit after which the strain hardening rate exhibits a steep increase.
In conclusion it can be put that the jump in the strain rate causes small differences, they are
ranged within the experimental scatter on the experiments. Lower stress levels are observed
in the jump experiments, yet they cannot be attributed to the strain rate jump and are ranged
within the experimental scatter. A steep increase of the strain hardening during strain rate
jump experiments is observed.
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(a)
(b)
Figure 6.6: Comparison of the strain hardening coefficient or n-value (a) and the strain hardening
rate (b) of the classic and the strain rate jump tensile experiments on the CMnAl-TRIP
steel. The indicated strain rate is the value reached at maximum stress
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(a) (b)
Figure 6.7: Comparison between the experimental data and the investigated phenomenological mod-
els for the CMnAl-TRIP steel for the classic (a) and the strain rate jump tensile exper-
iments (b)
6.1.3 Modelling
In this section the (semi-) phenomenological models discussed in section 2.3 and validated for
the classic dynamic tensile experiments in chapter 5 are validated again. Now however, the
advanced decremental strain rate jump experiments are used. The parameters obtained in
chapter 5 are used for the CMnAl-TRIP steel, yet the strain rate evolution during the jump
experiments is now taken into account. The strain rate jump curves are represented by the
experiment discussed earlier in figure 6.1(a).
Phenomenological modelling
In figure 6.7(a) the results obtained earlier for the classic SHTB experiments are repeated for
the CMnAl-TRIP steel. In section 5.3.1 it is discussed that the Johnson-Cook model and the
Zhao model give the best results at low and high strain rates. The extended Ludwig model
on the other hand approaches least of all the experimental data.
This is in contrast with the results for the strain rate jump experiments in figure 6.7(b). Here
the Johnson-Cook and Zhao models still show a good fit for the experimental curve at higher
strain, yet they overestimate the stress in the early stages of deformation (i.e. the stage where
the strain rate jump takes place). The extended Ludwig model on the other hand seems to
offer a good prediction of the strain rate jump experiment. The more complex description of
the strain rate dependency in the extended Ludwig model is thus an excellent way to follow
the strain rate evolution in the strain rate jump experiments.
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The experiments of figure 6.1(a) can now be modelled with the phenomenological models, in
order to assess if the models can predict the influence of the strain rate jump. It is expected
that the model of the strain rate jump experiment will first follow the higher strain rate
experiment and will then follow the lower strain rate model after the jump. For the Johnson-
Cook and Zhao model no difference can be observed between all three modelled curves of the
experiments of figure 6.1(a), yet they are all packed together. For the Ludwig model however
(figure 6.8, it can be seen that the model of the strain rate jump experiment, first follows the
modelled curve at 1700s−1 and later follows the curve for the model at 1245s−1.
Figure 6.8: The Ludwig model for the experiments of figure 6.1(a) for the CMnAl-TRIP steel
Semi-phenomenological modelling
In figure 6.9 the Johnson-Cook model is compared to the semi-phenomenological Rusinek-
Klepaczko model for the CMnAl-TRIP steel. For the classic tensile experiments (figure 6.9(a)
and section 5.4.1) the Johnson-Cook model gives best agreement for low as well as for high
strain rates and the Rusinek-Klepaczko model gives a more correct prediction of the uniform
elongation.
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(a) (b)
Figure 6.9: Comparison between the experimental results and the Johnson-Cook and Rusinek-
Klepaczko constitutive models for CMnAl-TRIP steel for the classic (a) and the strain
rate jump tensile experiments (b)
The results for the strain rate jump experiment (figure 6.9(b)) however show that the Rusinek-
Klepaczko model offers a better description of the strain rate evolution during the early stages
of deformation. Again, the experiments of figure 6.1(a) are modelled with the Rusinek-
Klepaczko model (see figure 6.10). The model for the strain rate jump clearly follows first the
modelled curve at 1700s−1 and follows the curve for the model at 1245s−1 after the jump.
Figure 6.10: The Rusinek-Klepaczko model for the experiments of figure 6.1(a) for the CMnAl-TRIP
steel
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6.2 Increased temperature SHTB experiments
As discussed earlier in chapter 2 the temperature development in dynamic conditions is no
longer isothermal as in static tensile experiments, instead the temperature increases quasi-
adiabatic during straining (see formula 2.10). During the test the temperature will gradually
change from room temperature to approximately 100◦C.
In order to further validate the strain rate and temperature dependent material behaviour
described by the material models, it is important to alter the test temperature by performing
SHTB experiments at higher temperatures than room temperature. Moreover, the effect of
this additional temperature rise on the material behaviour and the austenite to martensite
transformation can be investigated.
In paragraph 3.2.2 the experimental technique for increased temperature SHTB experiments
is already presented. In this section the experimental results and the comparison between
results and the constitutive relations are described. The experiments are performed on the
industrial Al-based CMnAl-TRIP-TKS-TR steel (see also table 4.3 in section 4.2.3). A high
strain rate experiment at room temperature is compared to experiments performed at 40, 60
and 80◦C. All experiments are conducted at a similar strain rate of ∼ 1000s−1.
6.2.1 Experiments
In figure 6.11 representative engineering stress-strain curves of the increased temperature ex-
periments are presented. It can be seen that the temperature has a very important influence
on the stress level of the materials. With an increasing temperature, the stress decreases.
Moreover the ductility seems to increase as the temperature rises. These results are in accor-
dance with previous research performed on 301LN and 304LN stainless steel [4].
In figure 6.12 the temperature increase in the material calculated with equation (2.10) is
given as a function of the engineering strain. It can be clearly seen that the effect of testing
temperature is not negligible. Higher testing temperatures mean a noticeable decrease in the
temperature development in the material.
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Figure 6.11: Representative high strain rate engineering stress-strain curves at room temperature
and at increased temperature for CMnAl-TRIP-TKS-TR steel. The indicated strain
rate is the value reached at maximum stress
6.2.2 Analysis of the experiments
In previous research on austenitic steel it is shown that the temperature has a limited influence
on the strain rate dependency of the material [4]. However, temperature has a distinct
influence on the different mechanical properties of the material. Figure 6.13(a) shows the
tensile strength and upper yield stress of the CMnAl-TRIP-TKS-TR steel after high strain
rate deformation at Room Temperature (RT) and at the increased temperatures (conducted
at a similar strain rate of ∼ 1000s−1).
It can be seen that both properties exhibit a negative influence of the temperature. Whereas
the tensile strength shows a very steep drop in value, the upper yield stress has a slight
decrease as the test temperature rises.
In the engineering stress-strain curves of figure 6.11 it was already observed that the ultimate
deformation of the CMnAl-TRIP-TKS-TR steel tends to increase with rising test temperature.
This is confirmed in figure 6.13(b) where a small increase of ultimate elongation can be seen.
The uniform elongation, however, decreases for higher test temperatures.
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Figure 6.12: Temperature increase in the representative high strain rate experiments at room tem-
perature and at increased temperature for CMnAl-TRIP-TKS-TR steel. The indicated
strain rate is the value reached at maximum stress
In figure 6.14 the energy dissipated by the CMnAl-TRIP-TKS-TR steel at different test tem-
peratures is given. A comparison is made between different levels of deformation: the energy
dissipation at 10 % strain, at 15 % strain, until maximum stress and the total energy dissipa-
tion. From this figure it is clear that in the early stages of deformation no significant influence
of the test temperature is noticed. The energy dissipation until maximum stress on the other
hand, exhibits a noteworthy decrease as temperature rises. This decrease is somewhat tem-
pered for the total energy dissipation due to the positive influence of the temperature on the
ultimate deformation.
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(a) (b)
Figure 6.13: Tensile strength and upper yield stress (a) and uniform elongation and ultimate elonga-
tion (b) as a function of the test temperature for the high strain rate tensile experiments
on the CMnAl-TRIP-TKS-TR steel
Figure 6.14: Energy absorption up to 10 %, 15% deformation, until maximum stress and the total
energy absorption as a function of the test temperature for the high strain rate tensile
experiments on the CMnAl-TRIP-TKS-TR steel
Hardening behaviour
In figure 6.15(a) the evolution of the strain hardening coefficient as a function of the true
strain is represented for the high strain rate experiments on CMnAl-TRIP-TKS-TR steel at
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(a) (b)
Figure 6.15: Comparison of the strain hardening coefficient or n-value (a) and the strain hardening
rate (b) of the representative high strain rate experiments at room temperature and
at increased temperature for CMnAl-TRIP-TKS-TR steel. The indicated strain rate is
the value reached at maximum stress
room temperature and at increased temperatures. Although a strain window of 0.06 in which
the strain hardening coefficient is averaged out, is used to minimize the effect of oscillations in
the stress-strain curves (see section 4.3.1), still some oscillations are visible near the end of the
deformation. This makes it difficult to interpret the differences between the curves. However,
in the beginning of the deformation a clear trend is noticed: the temperature has a negative
influence on the strain hardening and the n-value decreases as temperature increases. After
∼ 12% deformation the non-room temperature curves continue to rise, whereas the n-value
of the experiment at room temperature stabilizes. After ∼ 15% deformation all curves show
similar strain hardening values.
Similar conclusions can be drawn when looking at the strain hardening rate (dσtrue/dεtrue)
in figure 6.15(b). The strain hardening rate of the elevated temperature experiments is
definitely lower than the strain hardening rate of the experiment at room temperature in
the beginning of deformation. At ∼ 12% deformation the strain hardening rate of the room
temperature experiment drops, whereas the other strain hardening rates stabilize. After
∼ 15% deformation all curves show similar strain hardening rate values.
As conclusion it can be put that the temperature causes an important decrease of the stress
levels and energy dissipation in the CMnAl-TRIP-TKS-TR steel. Temperature has also a
negative effect and the strain hardening and strain hardening rate in the early stages of
deformation.
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6.2.3 Modelling
In this section the (semi-) phenomenological models discussed in section 2.3 are additionally
validated with the SHTB experiments performed at an increased temperature for the CMnAl-
TRIP-TKS-TR steel. The parameters obtained in chapter 5 are used for the CMnAl-TRIP-
TKS-TR steel, yet the increased temperature evolution of the experiments is now taken into
account. The experiments discussed earlier in figure 6.11 are used for the validation.
Phenomenological modelling
In figure 6.16(a) the results obtained earlier for the classic SHTB experiments are repeated
for the CMnAl-TRIP-TKS-TR steel deformed at 1000s−1. In section 5.3.2 it is discussed
that the Johnson-Cook model gives the best agreement for different strain rates. It can be
seen here that all three investigated phenomenological models give a good prediction of the
experimental behaviour.
When looking at the modelling results for the experiments at 40 and 80◦C, it can be seen
that all models clearly overestimate the experimental curves (figures 6.16(b) and 6.16(c)).
The adiabatic softening of the material is thus clearly larger than assumed in these three
models. The difference between experiment and model increases for higher temperatures.
In this way an assessment can be made of the influence of the austenite transformation on
the material properties. Indeed, the decrease of strength with temperature corresponds to a
combination of thermal softening and a slower transformation rate [5]. The models offer thus
an excellent opportunity to qualify the transformation influence. The respective differences
between the models observed in the classic SHTB experiment remains for the results of the
experiments at elevated temperatures.
Semi-phenomenological modelling
In figure 6.17 the Johnson-Cook model is compared to the semi-phenomenological Rusinek-
Klepaczko model for the CMnAl-TRIP-TKS-TR steel. For the classic tensile experiments
(figure 6.17(a) and section 5.4.2) the Johnson-Cook model gives best agreement for low as
well as for high strain rates and the Rusinek-Klepaczko model has a more correct prediction
of the uniform elongation.
As the test temperature increases however, both models overestimate the experimental data
(figure 6.17(b) and 6.17(c)). The higher the test temperature, the higher the overestimation.
Although the Rusinek-Klepaczko model does not offer the best fit for the experiment at room
temperature, this model seem to give the best prediction of the experiments at elevated tem-
peratures. The complex description of the temperature dependence in the Rusinek-Klepaczko
model allows a better prediction of the material behaviour. This prediction will probably be
even better if the parameters obtained from literature, are defined for this specific material.
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(a) (b)
(c)
Figure 6.16: Comparison between the experimental data and the investigated phenomenological
models for the high strain rate experiments at room temperature (a) and at increased
temperature (b,c) for CMnAl-TRIP-TKS-TR steel
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(a) (b)
(c)
Figure 6.17: Comparison between the experimental results and the Johnson-Cook and Rusinek-
Klepaczko constitutive models for the high strain rate experiments at room temperature
(a) and at increased temperature (b,c) for CMnAl-TRIP-TKS-TR steel
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6.3 Interrupted SHTB experiments
During the standard SHTB experiments the loading time of the specimen is approximately
1.2ms (see section 2.2.3). During these experiments the specimen will deform until fracture.
With interrupted SHTB experiments, however, the specimen is loaded until a certain defor-
mation level. In this way the microstructure and especially the martensite transformation at
a certain plastic deformation can be observed. With this type of experiment the specimen can
be gradually loaded to fracture which gives an excellent opportunity to study the evolution
of the microstructure at every step. With this succession of short adiabatic experiments, the
specimen can be cooled down between two succeeding experiments and it is also possible to
obtain an approximation of a isothermal high strain rate experiment [6] [7].
In paragraph 3.2.3 the advanced experimental technique for interrupted SHTB experiments is
already presented and the difficulties concerning this technique are discussed. In this section
the experimental results of this technique are described. The experiments are performed on
the Al-based CMnAl-TRIP-LC steel (see also table 4.1 in section 4.2.1). An Al-based TRIP
steel is preferred due to its large deformation potential (see section 4.2.1).
6.3.1 Experiments
In figure 6.18 two representative results are shown of the interrupted SHTB experiments. Next
to the engineering stress, the strain rate is given as a function of engineering strain. The first
experiment (figure 6.18(a)) has a maximum engineering strain of ±0.09 and an elastic spring
back to ±0.08. The strain rate shows a clear plateau at 400s−1. The second experiment
(figure 6.18(b)) reaches a maximum engineering strain of ±0.11 and an elastic spring back
to ±0.10. However, the strain rate is not able to evolve to a stable plateau due to the short
duration of the experiment. An approximate value of 500s−1 is used as representative strain
rate for this experiment.
In figure 6.19 both static and dynamic interrupted experiments are compared to standard ex-
periments for the CMnAl-TRIP-LC steel. As could be expected, no large differences between
the interrupted and classic curves exist. Only for the yield stress in the beginning of the
experiments a difference can be seen. For the interrupted static experiment the yield stress
is clearly higher than for the standard static experiment. Moreover a clear upper yield stress
peak is noticed (see inset). It is also observed that the stress of the interrupted experiments
is slightly lower than for the classic static and dynamic experiments. Yet, for the dynamic
experiments no exact conclusions can be drawn due to the oscillations in the engineering
stress-strain curves. The differences all lay within the experimental scatter, also observed for
the classic experiments.
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(a) (b)
Figure 6.18: Representative high strain rate engineering stress-strain curves for the interrupted
SHTB experiments on the CMnAl-TRIP-LC steel
(a) (b)
Figure 6.19: Representative static and high strain rate engineering stress-strain curves for the classic
and the interrupted SHTB experiments on the CMnAl-TRIP-LC steel
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6.3.2 Analysis of the experiments
In figure 6.20 a detail of the yield stress is given as a function of the engineering strain for
both the high strain rate classic and interrupted tensile experiments on the CMnAl-TRIP-
LC steel. It can be seen that the yield stress peak is more pronounced for the interrupted
experiments. A similar result thus as for the static case (see inset in figure 6.19(a)). Not only
does the yield stress peak reach higher values, the differences between upper and lower yield
stress are more important for the interrupted experiments.
Figure 6.20: Detail of the yield stress as a function of the engineering strain rate for the classic and
the interrupted SHTB experiments on the CMnAl-TRIP-LC steel
As discussed earlier in chapter 3, these interrupted SHTB experiments are very difficult to
perform and numerous factors influence a good outcome of the experiment. Only, a limited
number of successful experiments is therefore performed and no clear conclusion can be drawn
on the properties over the strain rate range considered in this work. Yet the few experiments
performed on the CMnAl-TRIP-LC steel can give a good indication.
In figure 6.21 the energy dissipated by CMnAl-TRIP-LC steel at 2, 5, 8 and 10 % strain is
given as a function of the strain rate. The two most left results are interrupted experiments,
the most right experiment is a classic SHTB experiment at 577s−1. From this figure it is
clear that both interrupted experiments have a lower energy dissipation for all strain values.
This is however due to the lower strain rate at which the experiments are performed. They
clearly follow a similar strain rate dependency as the classic SHTB experiments (see also
figure 4.15(a) in section 4.3.1).
191
Chapter 6. Advanced characterization of TRIP steels
Figure 6.21: Energy absorption at certain levels of deformation as a function of the strain rate for
the classic and the interrupted SHTB experiments on the CMnAl-TRIP-LC steel
For the interrupted experiment at 400s−1 the energy dissipation at 10% deformation is not
shown, yet the total energy dissipation since this curve does not reach a deformation of 10%.
It can also be seen that certain energy values are slightly lower for the interrupted experiment
at 500s−1 than for the experiment at 400s−1. Especially in the early stages of deformation.
This is due to the slow evolution of the strain rate to a stable plateau due to the short duration
of the experiment (see figure 6.18(b)).
A similar conclusion can be drawn when looking at the true stress at certain levels of strain
in figure 6.22. The true stress values of the interrupted experiments are situated lower than
the value of the classic SHTB experiment, yet these values follow the strain rate dependency
trendline of the CMnAl-TRIP-LC steel of figure 4.16(b).
Hardening behaviour
In figure 6.23 the evolution of the strain hardening coefficient as a function of the true strain
is represented for the classic and interrupted SHTB experiments on the CMnAl-TRIP-LC
steel. A strain window of 0.03 in which the strain hardening coefficient is averaged out, is
used to minimize the effect of oscillations in the stress-strain curves. Between the classic and
the interrupted tensile experiments no large differences are observed in the strain hardening
curves. Only the n-value of the interrupted experiment performed at 500s−1 shows lower
values in the beginning. This is due to the slow evolution of the strain rate to a stable
plateau due to the short duration of the experiment (see figure 6.18(b)).
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Figure 6.22: True stress at certain levels of true deformation as a function of the strain rate for the
classic and the interrupted SHTB experiments on the CMnAl-TRIP-LC steel
Figure 6.23: Evolution of the strain hardening coefficient or n-value for the classic and the inter-
rupted SHTB experiments on the CMnAl-TRIP-LC steel
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6.3.3 Modelling
Since the interrupted SHTB experiments show a similar behaviour than the standard SHTB
experiments, it is unnecessary to further validate the (semi-) phenomenological models de-
scribed in section 2.3 for the CMnAl-TRIP-LC steel. These interrupted experiments can thus
not be considered as an extended validation tool for modelling. These experiments do offer
on the other hand an excellent tool for better understanding the material behaviour. And
will give essential input for more micro-mechanical models (see also section 2.3). Indeed, with
interrupted SHTB experiments it is possible to investigate the microstructure and especially
the martensite transformation at the first stage of the plastic deformation. Moreover, with
this type of experiments the specimen can be gradually loaded to fracture which gives an
excellent opportunity to study the evolution of the microstructure at every step
6.4 Conclusions
The results of more advanced tensile experiments are given together with their influence on
the investigated material models. Three different types of experiments are discussed:
• Strain rate jump experiments: During strain rate jump experiments a sudden change
in the strain rate is induced. Tests with a strain rate jump are particularly important
in the determination of constitutive relations of the material behaviour because the
microstructure is supposed to have no significant evolution in the course of the rapid
change of strain rate. For the materials investigated here, lower stress levels are observed
in the jump experiments, yet they cannot be attributed to the strain rate jump and are
ranged within the experimental scatter. A steep increase of the strain hardening during
strain rate jump experiments is observed.
• Dynamic tensile experiments at increased temperature: In order to further validate the
strain rate and temperature dependent material behaviour described by the material
models, it is important to alter the test temperature by performing SHTB experiments
at higher temperatures than room temperature. Moreover, the effect of this additional
temperature rise on the material behaviour and the austenite to martensite transforma-
tion can be investigated. The higher test temperature causes an important decrease of
the stress levels and energy dissipation in the CMnAl-TRIP-TKS-TR steel. Tempera-
ture has also a negative effect on the strain hardening and strain hardening rate in the
early stages of deformation.
It is found that the investigated phenomenological models clearly overestimate the ex-
perimental curves at higher test temperatures. The adiabatic softening of the material
is thus clearly larger than assumed in these models.
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• Interrupted dynamic tensile experiments: With interrupted SHTB experiments the spec-
imen is loaded until a certain deformation level. In this way the microstructure and
especially the martensite transformation at a certain plastic deformation can be ob-
served. It is observed that the stress of the interrupted experiments is slightly lower
than for the classic static and dynamic experiments. Yet, for the dynamic experiments
no exact conclusions can be drawn due to the oscillations in the engineering stress-strain
curves.
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7
High strain rate split Hopkinson pressure bar
The numerical and experimental results of the high strain rate split Hopkin-
son pressure bar setup are presented. The dynamic compression behaviour is
first studied using finite element calculations. The influence of several setup pa-
rameters such as friction, indentation, specimen length and material is assessed.
Afterwards some exploratory experiments are discussed to assess the performance
of the setup. This is followed by a discussion of the experimental compression
behaviour of CMnSi-TRIP-Arcelor steel. Based on a combined experimental/nu-
merical approach a clear view of the dynamic compression behaviour of TRIP
steel can be given. A new specimen geometry is proposed in order to get better
results for a specimen consisting of glued steel sheets.
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7.1 Finite element simulations
Finite element simulations were extensively used during the study and development of the
split Hopkinson pressure bar setup. First of all, a finite element model was developed to
analyse the stress distribution in the specimen and to assess the influence of different setup
parameters. Secondly, the model was used to investigate the indentation of the Hopkinson
bar ends, which will be discussed in appendix A. The finite element program ABAQUS was
used for the calculations.
7.1.1 Finite element model
A full scale model of the SHPB is developed. Since the precise dynamic phenomena in the
specimen needed to be investigated, the ABAQUS/Explicit code is used for the calculations.
The model comprises the test specimen, both Hopkinson bars, safety plates and the additional
bar ends (section 3.3). Because of the symmetry only one quarter of the cross-section was
modelled, and symmetry conditions were imposed. The finite element model is discussed in
more detail in [1].
For the Hopkinson bars, the additional bar ends and safety plates (see section 3.3.1) the actual
dimensions of the experimental setup are used. For the Hopkinson bars and the additional
bar ends, a elasto-plastic material model was used. The properties can be found in table
7.1. For the specimen a cylinder with a diameter and length of 5mm is used, as discussed in
section 3.3.2. The Johnson-Cook material model was used to describe the plastic behaviour of
the CMnSi-TRIP-Arcelor steel (section 2.3 and chapter 5) of the specimen. Thermal effects
are not taken into account. The specimen was connected to the safety plates with a friction
coefficient of 0.05 and hard contact was used for the normal behaviour of the interaction.
Separation between the specimen and the bars after contact was allowed. Loading on the
model is applied as a compressive stress wave on the end of the input Hopkinson bar. The
stress wave has an amplitude of 80MPa and a rise time of 10−5s, which is based on strain
gauge readings of the incident wave during a real test.
Material Density E Poisson Plastic behaviour
[10
3kg
mm3
] [MPa] ε [-] - σ [MPa]
Hopkinson bars Al 5083 2.66 10−9 71700 0.33 0 - 145
0.1 - 165
Additional bar end Al 7075 2.81 10−9 72500 0.33 0 - 480
0.1 - 540
Safety plates CP1000 7.8 10−9 210000 0.3 σ/-curve for ˙ = 500
Table 7.1: Material properties used in the finite element model
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The finite element mesh can be seen in figure 7.1. The advancing front algorithm for meshing
was used to get a better partition of the hexagonal elements. Only linear elements were used.
The element mesh for the specimen in the figure comprises 1105 elements. Again, more details
can be found in [1].
Figure 7.1: Finite element model of the SHPB setup
This model tends to analyse the stress distribution in the specimen and to assess the influ-
ence of different setup parameters.It is not aimed to achieve an exact represntation of the
experiments. Therefore the model is simplified in some ways:
• the specimen does not consist of different layers of sheets, yet a bulk cylinder is used;
• the glue layers are not represented;
• and no thermal softening is considered during the simulation.
7.1.2 Results of the numerical simulation
Figure 7.2 shows a couple of images of the simulated von Mises stress at different time steps.
The high stresses in the specimen are reduced in the Hopkinson bars over a short distance.
The stress has already decreased from the stress in the specimen to 100MPa over a distance
of 20mm. Due to the low friction coefficient (µ = 0.05) few barrel shaping of the specimen
is observed, the radial expansion is approximately constant over the whole length of the
specimen.
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Figure 7.2: The simulated von Mises stress in the SHPB setup at different time steps
To get an idea of the uniformity of the stresses in the specimen, two definitions of uniformity
can be given: Global Uniformity and Uniformityv. The variable Global Uniformity, which
will be used in section 7.4, is defined as:
Global Uniformity =
σv,min
σv,max
· 100 (7.1)
with σv,min and σv,max the minimal and maximal von Mises stress in the specimen. A dis-
advantage of this definition is that only extreme stress values are taken into account which
can possibly only occur in a very limited zone of the specimen, whereas the intermediate
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values are neglected. Therefore another variable is defined that takes the deviation of the von
Mises spanning σv into account. The standard deviation in the central node of each element
is calculated and than the summation is divided with the average value. A small standard
deviation means therefore a large uniformity.
Uniformityv =
1−
√
n
∑
(σ2v)− (
∑
σv)
2
n2
n∑
σv
 · 100 (7.2)
The following variable is defined to evaluate the uni-axiality of the stresses in the specimens [2]:
∆ =
σv
|σI |+ |σII |+ |σIII | (7.3)
where σv is the von Mises stress and σI , σII and σIII are the three principal stresses. This
variable can be calculated in every node for the model and is always smaller than unity due
to the absolute values of the stresses. The stress is completely uni-axial if ∆ = 1. The
average value of all ∆ values of every node gives an idea of the uni-axiality of the stress in
the specimen.
During maximal loading the stress distribution in the specimen is characterized by a uniformityv
value of 97.2% and a uni-axiality ∆ of 0.91 (see also section 7.4). It can thus be concluded
that the stress is in the specimen is very uniformly distributed and that non-axial stress play
a minor role.
When testing hard materials (such as ceramics and hard steel grades) indentation of the bar
ends is a major problem even with safety plates attached to the Hopkinson bars (see also
section 7.2). This will can lead to an incorrect calculation of the strain in the specimen. In
figure 7.3 the maximal indentation (along the axis of symmetry) of the safety plates at both
Hopkinson bar ends are given. The indentation is calculated as the difference between the
axial displacement of the surface of the safety plate in the middle and at the edge. During
the experiment the indentation is the sum of the elastic and the plastic deformation of the
Hopkinson bar end and the safety plate, which is maximal 0.11mm for one bar end. After the
experiment only the plastic deformation remains (0.032mm for one bar end). The compression
of the specimen is also shown on figure 7.3. It is clear that the deformation of the Hopkinson
bar ends (and safety plates) is not negligible compared to the compression of the specimen
(see also section A).
The signals that would be recorded by the strain gauges on the Hopkinson input and output
bar are shown in figure 7.4. It is notable that these stress waves are similar to typical stress
waves obtained for an elastic specimen [3]. After an initial high strain rate (represented by
the reflected wave, see section 2.2.3), the strain rate decreases to zero. This can be explained
by the material behaviour of the CMnSi-TRIP-Arcelor steel, which shows a major strain
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Figure 7.3: Maximal indentation of both Hopkinson bar ends (and safety plates) and compression of
the specimen as a function of time
hardening. Moreover, the radial expansion of the specimen causes an increase in cross section
of the specimen, leading to lower true stresses in the specimen. Consequently, all plastic
deformation occurs during the beginning of the loading and as soon as the stress necessary
for plastic deformation exceeds the stress in the specimen, further deformation of the specimen
stops. This can be solved by using smaller specimens or by increasing the amplitude of the
incident waves. Only, both solutions encounter practical resistance in reality.
Figure 7.4: Simulated strain gauge signals in the Hopkinson bars
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Treating the signals of the figure 7.4 as the experimentally obtained strain gauge signals, they
can now be used to calculate the material behaviour of the tested material (see equations
(2.5) - (2.7)). The resulting true stress - true strain curve is shown in figure 7.5, together
with the Johnson-Cook curve of the CMnSi-TRIP-Arcelor steel which is used in the finite
element model. For clarity the stress-strain curves of the compressive experiments will also
be presented as a positive instead of a negative curve, as normally accepted.
Figure 7.5: Comparison of the simulated true stress - true strain curve and the Johnson-cook material
model for CMnSi-TRIP-Arcelor steel
The true stress - true strain curve resulting from the simulated strain gauges is distinctly
higher than expected from the Johnson - Cook material model. A possible explanation is
the non-uni-axiality of the stresses in the specimen, leading to a von Mises stress lower than
the axial stress component S33. Indeed, the plastic deformation is based on the von Mises
stress, whereas the stress obtained from the strain gauge measurement is based on the higher
axial stress component S33. Therefore two curves are added on figure 7.5 to illustrate previous
argumentation, the curves describe the stress condition in the central element of the specimen
(the axial stress component S33 and the von Mises stress). Indeed the von Mises stress is
lower than the axial stress S33 and close to the actual material behaviour represented by the
Johnson-Cook model.
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Figure 7.5 also depicts the strain rate curve. At the yield point, the strain rate is only about
300s−1. The strain rate then increases to about 1600s−1, but then drops very quickly to
100s−1 after 20% plastic deformation. With the current setup no large deformations can thus
be realized. It should be remarked that for the finite element calculations the temperature
effect and thermal softening (see chapter 5) are not taken into account. Consequently, higher
strain rates will be reached than those predicted by the simulations. It explains also the
higher stress values than those observed in literature [4] (see also section 7.3).
7.1.3 Stress distribution in the compression specimen
Stress components in the specimen
In order to visualize the different stress components in the compression specimen a schematic
illustration of the specimen is presented in figure 7.6. The schematic shows the three projec-
tions of the specimen, together with their respective coordinate systems, the glue layers in the
specimen, the symmetry planes and the symmetry axis. The darker coloured part represents
1/8th of the specimen, which will be further used in the 3D images to visualize the stress
distribution.
Figure 7.6: Representation of the stress components in the compression specimen
As can be seen from this representation the 23-plane is the lateral section perpendicular to
the plane of the glue layer. The normal stress S22 corresponds to the radial stress and loads
the glue layers in the specimen. Shear stresses S23 and S32 are equal due to symmetry and
are reduced to zero in the symmetry plane. These shear stresses S23/S32 (and also S13/S31)
arise due to unequal deformation of the specimen caused by friction and indentation of the
Hopkinson bar ends (see previous sections). S23 and S32 load the glue layers in shear.
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(a) (b)
(c)
Figure 7.7: Distribution of the von Mises stress, S22 stress and PEEQ in a compression specimen
with L = 5mm and µ = 0.1
In [1] an in-depth investigation is presented of the distribution of the different stress compo-
nents. From this work it can be concluded that mainly the S22 stress, caused by barrelling of
the specimen, will load the glue layer. This is in accordance with the experiments who also
have shown that this component is dominant (see section 7.2). In figure 7.7 the distribution
of the von Mises stress, the S22 stress and of the equivalent plastic elongation (PEEQ) is
given. The specimen in the simulation has a length of L = 5mm and a diameter d = 5mm
of and the friction coefficient is µ = 0.1.
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• von Mises stress: The von Mises stress varies between 1300MPa and 1800MPa in the
specimen, with maximum values along the edges of the specimen and minimal values
in the center of the contact surfaces. Although the large dispersion of stress values, the
stresses in the central part of the specimen are homogeneously distributed.
• S22: The largest tensile stresses, which will load the glue layers, occur in the middle of
the specimen at the edge.
• PEEQ: The distribution of the PEEQ corresponds with the distribution of the von
Mises stress.
Uni-axiality of the stresses
The stress can now be examined in more detail along two ’paths’ in the specimen: the lateral
path and the cross sectional path, which are shown in figure 7.7(a). On figure 7.8 the stresses,
PEEQ and uni-axiality are represented along both paths. The definition for uni-axiality is
slightly altered. No absolute values are taken any more for the stresses in the denominator
of equation 7.3. the uni-axiality variable can now have values higher than unity, which is the
case if not all three stress components have the same sign. More information can thus be
deduced from ∆ and the principal stresses along the 11-,22- and 33- direction can be filled in
the following equation.
∆ =
∣∣∣∣ σvσI + σII + σIII
∣∣∣∣ (7.4)
The stress distribution along the cross sectional path can be divided into two segments:
0mm ≤ x ≤ 1.6mm and 1.6mm ≤ x ≤ 2.5mm. In the first segment stresses S11 and S22
are negative and have the same sign as S33. The von Mises stress is therefore smaller than
(the absolute value of) S33 and ∆ < 1, because all stresses have the same negative sign. In
the second segment, on the other hand, S11 and S22 are positive, leading to a von Mises
stress larger than S33 and ∆ > 1. It is noteworthy that all curves show a bending point at
x = 1.6mm. The PEEQ curve is similar to the von Mises stress curve.
The stress distribution along the lateral path in the specimen (figure 7.8(b)) is symmetrical
with respect to the center z = 2.5mm. Uni-axiality is the lowest at the ends of the specimen
(x = 0mm and x = 5mm), because S11 and S22 are highest (in absolute value) and S33 is
lowest. The PEEQ is also lowest in these zones. S11 and S22, caused by friction on the surface
ends of the specimen, prevent thus the deformation of the material. Due to a too coarse mesh
S11 and S22 in the lateral path are not equal, as theoretically assumed. Equation 7.4 for the
uni-axiality can now be applied on every element in the specimen. Figures 7.9(a) and 7.9(b)
show a graphical 3D image of a quarter of the specimen to allow extra insight in the stress
distribution.
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(a) (b)
Figure 7.8: Distribution of the stress along the cross sectional (a) and lateral (b) path in a compres-
sion specimen
Uni-axiality
(a)
Uni-axiality
(b)
Figure 7.9: Distribution of the uni-axiality of the stress in a compression specimen
207
Chapter 7. High strain rate split Hopkinson pressure bar
Only in the yellow coloured zone the stresses are uni-axial (which is in correspondence with
figure 7.8). In the darker red zone ∆ > 1 and stresses S11 and S22 have thus an opposite
sign than S33. This means that S11 and S22 are tensile stresses in this region, whereas S33
is (always) a compressive stress. In the rest of the specimen S11 and S22 are compressive
stresses, leading to a smaller deformation than for the perfect uni-axial case with an identical
S33. Uni-axiality is in this zone smaller than unity.
In the next sections the influence of friction and length of the specimen on the stress distri-
bution is investigated. The mean reason is to limit the load on the glue layers and to prevent
thus the breaking up of the steel sheets of which the specimen is composed.
Influence of the friction
Identical simulations as in previous section are performed with a varying friction coefficient
to get an idea of the influence of the friction on the stress distribution. Figure 7.10 shows
3D images of the stress distribution for friction coefficients µ = 0, µ = 0.1 and µ = 0.2. The
non-axial stresses in the frictionless case are caused by the deformation of the Hopkinson bar
ends. From the figure it is clear that higher friction coefficients give rise to higher non-axial
stresses. The red and yellow coloured zones represent areas where the strength of the glue
(25MPa) is exceeded. These zones must thus be as small as possible. Only in the frictionless
case the stress limit of the glue is not exceeded.
Figure 7.10: Distribution of the S22 stress for different friction coefficients in a compression specimen
with L = 5mm
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Figures 7.11a and b show various parameters along the cross sectional path (see figure 7.7(a))
for different friction coefficients.
• Influence friction on S22: It can be concluded that a low friction limits the normal
stress S22, caused by barrelling of the specimen. The influence on the deformation of
the Hopkinson bar ends is on the other hand not neglectable: the S22 stress with µ = 0
is negative (compression) along the whole specimen. The deformation of the bar ends
has thus a positive influence on the loading of the glue layer. Although theoretically, the
deformation of the bar ends is not positive due to the introduction of non-axial stresses.
It is also remarkable that the curves for µ = 0, µ = 0.05 and µ = 0.10 intersect each
other in the same point. The graph for µ = 0.20 follows a total different path.
• Influence friction on von Mises stress and PEEQ: It is clear that the von Mises
stress and the PEEQ are more evenly spread for small friction coefficients. It is again
remarkable that all curves intersect each other in the same point (x ∼= 1.8mm). Here
the von Mises stress equals 1600MPa, for all considered friction coefficients. Moreover,
friction and deformation of the Hopkinson bar ends have an opposite influence. Fric-
tion causes a high stress in the center of the specimen (curve for µ = 0.20), whereas
indentation causes low stresses in the center. Similar conclusions can be drawn for the
surface of the specimen. It must be noted that both phenomena influence each other
since indentation increases the friction.
• Influence friction on the Hopkinson waves: Friction has limited influence on the
reflected and transmitted wave in the Hopkinson bars and thus on the global observed
specimen behaviour.
Influence of the specimen length
In figure 7.12 simulations of compressive specimens with different lengths (and equal diameter
of d = 5mm) are shown. It is clear that in a shorter specimen, the normal stress S22 is lower
than in a long specimen. The shear stress in the specimen with L = 4mm is also lower in
comparison to a specimen with L = 5mm (see section8.1.2).
Figure 7.13 shows the influence of the specimen length on various parameters along the cross
sectional path along the specimen (see figure 7.7(a)).
• Influence length on S22: The advantage of short specimens is illustrated again: the
normal stress S22 is clearly lower in shorter specimens.
• Influence length on von Mises stress and PEEQ: Both the von Mises stress
and PEEQ are more evenly spread for shorter specimens. This is remarkable since
the opposite is anticipated due to the major influence of the edges (friction) in shorter
specimens.
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(a) (b)
(c) (d)
Figure 7.11: Distribution of the S22 stress, von Mises stress, PEEQ and the Hopkinson waves for
different friction coefficients in a compression specimen with L = 5mm
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Figure 7.12: Distribution of the S22 and S23 stress for different specimen lengths in a compression
specimen with µ = 0.1
The general conclusion is thus that firstly, friction should be avoided as much as possible,
whereas indentation of the Hopkinson bar ends plays a minor role, because it has a positive
influence on the loading of the glue layer. Secondly, short specimens are preferred over the
initial proposed specimens with h = d = 5mm.
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(a) (b)
Figure 7.13: Distribution of the S22 stress, von Mises stress and PEEQ for different specimen lengths
in a compression specimen with µ = 0.1
Influence of the specimen material
The simulation results obtained for the CMnSi-TRIP-Arcelor steel can now be compared with
simulations of other materials. The commercial steel from the experiments (section 7.2) is
modelled in ABAQUS with a yield stress of 550MPa and n = 0.6 instead of using the Johnson-
Cook model. The aim of this simulation is to compare the normal stresses on the glue layer
for the TRIP steel and a steel with comparable yield stress but lower strain hardening.
Figure 7.14 looks at the normal stress S22 and the PEEQ value along the cross section of the
specimen for the two different materials. On the one hand, the PEEQ values for the CMnSi-
TRIP-Arcelor steel are more evenly distributed over the specimen than for the commercial
steel. On the other hand, the normal stress S22 for the TRIP steel is lower. Consequently,
less problems may be expected when testing the CMnSi-TRIP-Arcelor steel.
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Figure 7.14: Distribution of the S22 stress and PEEQ for different specimen materials in a compres-
sion specimen
7.2 Dynamic compression experiments
In this section an overview will be given of the compression experiments performed on the
split Hopkinson bar setup. The experiments were performed on the industrial Si-based TRIP
steel (CMnSi-TRIP-Arcelor) produced by Arcelor (see section 4.2.3) and on a commercial
available steel sheet with a yield stress of 550MPa. The cylindrical specimens are build up
from small thin steel sheets as described in 3.3.2.
7.2.1 Technical practicalities
Before describing the experiments special attention is drawn to the positioning of the specimen
between the Hopkinson bars. In order to achieve a correct experiment a special tool was
developed to accurately center the specimen between the two Hopkinson bars (see figure
7.15). Due to the stickiness of the lubrication the specimen stays in place after positioning.
In order to increase the understanding of the high strain rate events taking place, a high
speed video camera was used during all experiments. The Photron Fastcam APX RS camera
is able to make videos of these experiments with a frame rate of 90 000 frames per second
with a resolution of 128x96 pixels. Special flicker-free DEDOCOOL lights were used to properly
light the experiment (see figure 7.16).
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Figure 7.15: Special developed tool to center the specimen between the two Hopkinson bars
Figure 7.16: High speed video camera setup for the compression experiments
7.2.2 Exploratory experiments on commercial steel sheets
Overview of the experiments
In total 18 experiments are performed on a commercial steel with a yield stress of σy =
550MPa and little strain hardening. Based on these experiments the setup is further opti-
mized and several setup parameters such as specimen length and lubrication are investigated.
The results are calculated using the classical method (see paragraph 2.2.3), the engineering
stress-strain curves can be seen in figure 7.17.
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Figure 7.17: Engineering stress-strain curves of the experiments on a commercial steel with σy =
550MPa
Discussion of the experiments
The following parameter influences are observed:
• Specimen length (e.g. St 8 and St 14): a clear influence was observed of the
specimen length on the glue layer between the steel sheets, and thus on the measured
properties. The composing steel sheets of the specimen came apart for all experiments.
As deduced from the video camera images, the glue layer in the middle of the specimen
is the first to come loose (figure 7.18). After the failing of the glue layer, most of the
steel sheets exhibit buckling. Only the break-up occurred later for small specimens
and the buckling mainly occurred for longer specimens. This is in accordance with the
finite element simulations, which were discussed in section 7.1.3. Two different types of
behaviours can be observed:
– For certain experiments, the steel sheets broke apart along the whole length of the
specimen. For some of these specimens the steel sheets do not buckle, yet seem
to turn over during compressive loading, leading to a minimal plastic deformation.
This behaviour can be observed in the waves occurring in the Hopkinson bars. The
transmitted wave is almost equal to zero when the steel sheets are turned over and
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(a) (b) (c)
Figure 7.18: High speed video recording of experiment St 10: the glue layer in the middle of the
specimen is the first to come loose
no loading occurs (figure 7.19(a) for experiment St 8). After a certain time, the
Hopkinson bars make contact and a transmitted wave is measured in the output
bar. But few deformation is observed in the material because the reflected wave
drops back close to zero. On figure 7.17 it is clear that this type of experiment
(such as experiment 3, 4, 7, 8, 13, 15 and 16) exhibits a decreasing part in the
stress-strain curve. This is most pronounced for experiment 8, the moment upon
which the stress-strain curve increases again, is dependent on the ’debris’ remaining
between the two Hopkinson bars.
– For other experiments only a partial loosening is observed. For experiment St 14
for example, most steel sheets stay together until the end of the experiment, figure
7.19(b) shows the corresponding strain gauge signals of the waves travelling through
the Hopkinson bars. The measured waves and the stress-strain curve thoroughly
differ from those of experiment St 8 (figure 7.19(a) and 7.17 resp.).
The difference between experiment St 8 and St 14 is mainly the length of the specimen:
5.3mm vs. 3.3mm.
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(a)
(b)
Figure 7.19: Strain gauge signals in the Hopkinson bars of experiment St 8 with L = 5.3mm (a) and
St 14 with L = 3mm (b) on a commercial steel with σy = 550MPa
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• Lubrication (e.g. St 10, St 11 and St 16): No clear distinction in the curves for
different used lubrication is found (figure 7.20). In order to test the proper function-
ing of the lubrication during two experiments only one contact surface was lubricated
(experiments St 10 and St 11), which was expected to lead to an asymmetric barrel
shaping of the specimen. However, no clear difference in radial expansion is observed
between both sides (see figure 7.21).
Figure 7.20: Engineering stress-strain curves of the experiments on a commercial steel with σy =
550MPa for different used lubrication
Figure 7.21: High speed video recording of experiment St 10: the contact surface on the left is not
lubricated, the contact surface on the right is lubricated
The extra thick lubrication layer for experiment St 16 causes the deformation of the
specimen to start at a higher strain rate. For the other experiments, the initial strain
rate is lower, which is contrary to the concept of dynamic testing. The first part of
the stress-strain curve of experiment St 16 represents the compression of the lubricant.
Disadvantages of this thick lubrication layer is the bad reproduceability of the thick-
ness of the lubrication layer and the difficult positioning of the specimen. Therefore a
solid lubricant (Teflon) was used in experiment St 11, where one contact surface was
218
Chapter 7. High strain rate split Hopkinson pressure bar
lubricated with Teflon, the other surface was left without lubrication. The stress-strain
diagram of figure 7.20 shows a slow stress build-up at early deformation due to the
Teflon layer. The use of Teflon is further investigated in section 7.2.3.
• Rounding-off of the specimen (e.g. St 3 vs. St 5): No influence is found of
the rounding off (0.25mm) of the edge of the specimen in order to decrease the stress
concentrations at these edges.
• Ageing of the glue layer: Specimens St 1 to St 6 are tested three months after
glueing, the other samples are tested directly after glueing. No influence is found of the
ageing of the glue layers on the specimen behaviour.
7.2.3 Experiments on CMnSi-TRIP-Arcelor steel
Overview of the experiments
In total eight experiments were performed on specimens made out of CMnSi-TRIP-Arcelor
(see table 7.2 for an overview). Due to the conclusions of the previous section, the length of
all specimens is taken smaller than 5mm and none of the specimen edges have been rounded
off. As can be seen in this table, experiments TRIP 1 and TRIP 5 have identical parameters,
the only difference is the damage on the safety plates caused by the experiments before
experiment TRIP 5 (see figure 7.22). The difference in the results is thus mainly caused by
the indentation or the roughness of these safety plates.
Experiment lubrication h/d (mm/mm)
TRIP 1 OKS200 4.15/5
TRIP 2 OKS200+Teflon 4.15/5
TRIP 3 OKS200 3.7/5
TRIP 4 OKS200 2/5
TRIP 5 OKS200 4.15/5
TRIP 6 OKS200+Teflon 3.8/5
TRIP 7 Molykote 33 4.1/5
TRIP 8 Molykote 33 4.15/5
Table 7.2: Overview of the experiments on CMnSi-TRIP-Arcelor steel
In experiment TRIP 4 the smallest specimen, with a length of 2mm, is used. It is clear from
figure 7.23 that no buckling occurs during this experiment, although that the glue layer in
the center fails.
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Figure 7.22: Surfaces of the CP safety plates after the first five experiments on CMnSi-TRIP-Arcelor
steel
Figure 7.23: Specimen with a length LP = 2mm (TRIP 4) before and after compressive loading
In experiments TRIP 2 and TRIP 6 the effect of lubrication with Teflon was investigated.
Both Hopkinson bar ends were lubricated with two layers of Teflon and a layer of grease.
Experiments TRIP 7 and TRIP 8 are performed without safety plates mounted on the Hop-
kinson bar ends. This causes a large indentation of the bar ends (see figure 7.24), with a
maximal depth of almost 1mm.
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Figure 7.24: Surfaces of the additional bar ends after eight experiments on CMnSi-TRIP-Arcelor
steel. The circle shown has a diameter of 5mm
Discussion of the experiments
All results are calculated using the classical method (see paragraph 2.2.3), the engineer-
ing stress - strain curves can be seen in figure 7.25. During loading, all curves increase
monotonously, without a decreasing part as was the case for the experiments on commercial
available steel (figure 7.17). This means that the specimens did not buckle as much as in
the previous experiment (which was confirmed by the high speed video recordings) and that
on the other hand this steel exhibits a more pronounced strain hardening. In the following
paragraph a few experiments are highlighted:
• The curves of experiments TRIP 1 and TRIP 5 (similar parameters, but effect of the
indentation of the bar ends) are very similar, only a difference is noted around the yield
point and at large deformations. The difference in yield point can be explained by the
lower uniformity of the stress distribution in the specimen (see section 7.1). Not all the
material starts to yield at the same time, resulting in a weaker outline of the yield point
in experiment TRIP 5. The deviation at large deformation is caused by the buckling of
the steel sheets in experiment TRIP 5.
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Figure 7.25: Engineering stress-strain curves of the experiments on CMnSi-TRIP-Arcelor steel
• The slow increase of the stress at the beginning of experiment TRIP 4 is due to the thick
layer of lubrication between the specimen and the Hopkinson bar ends. The specimen
did not buckle during the experiment, causing higher stresses and a steeper increase
of the curve. The higher stresses are possibly also due to the non-axial stresses in the
short specimen.
• The experiments with a Teflon-lubrication (TRIP 2 and TRIP 6) show a small peak
in the beginning of the experiment. This can be explained by the compression of the
Teflon layer.
In order to better compare the engineering stress-strain curves and to eliminate the influence
of the lubrication layer, the stress-strain curves of figure 7.25 are shifted so that the elastic
part starts in the origin of the coordinate system. These curves can be seen in figure 7.26
together with the strain rate curves.
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Figure 7.26: Shifted engineering stress-strain curves and the strain rate of the experiments on CMnSi-
TRIP-Arcelor steel
The curves do not coincide especially at low and at very large strains.
• The difference at the end of the experiment is due to the fact that the steel sheets do not
always start to buckle at the same time for every experiment. The buckling is mainly
dependent on the specimen length.
• At low strains the stress starts to increase slowly and a pronounced difference can be
noticed in the slope and the yield point of the different curves. Because of the non-
uniformity of the stresses in the specimen the yielding does not start at the same time
in the layered specimen. This non-uniformity is due to friction and indentation of the
Hopkinson bar ends.
The above described difference can thus be explained by looking at experiments TRIP 7 and
TRIP 8, where no safety plates were used on the Hopkinson bar ends. The initial curve of
experiment TRIP 7 is similar to most other curves, although the indentation of the Hopkinson
bar ends is much bigger than for the previous experiments where safety plates are used. If
the TRIP 7 curve is compared to the TRIP 8 curve, the latter curve shows very low stresses.
The Hopkinson bar ends before experiment TRIP 8 showed a very rough surface (caused by
experiment TRIP 7), which is covered in lubrication grease. It is thus very probable that due
to the roughness or damage of the surface there was no full contact between the specimen
and the Hopkinson bar ends. The lubrication grease is trapped in the damaged surface of
the bar ends and a small gap is created between specimen and Hopkinson bars. The result of
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this gap is an increase of the reflected wave and a decrease of the transmitted wave, leading
to larger strains and lower stresses.
It can thus be concluded that not the compression of the Hopkinson bar ends during the
experiment causes the deviation in the results, yet the existing damage of the surfaces of the
bar ends. Extra attention needs thus to be paid to the possible damage of the bar ends. A low
roughness material is thus preferred and an optimum needs to be found between roughness
or damage and friction coefficient.
In figure 7.26 the strain rate is depicted as a function of the strain. As was expected, the
experiments with a thick layer of lubrication or a Teflon layer (TRIP 2, TRIP 4 and TRIP 6)
show a higher initial strain rate. A disadvantage of the Teflon layer is the constant presence
of a gap, caused by this layer, between the Hopkinson bar ends and the specimen, resulting
in lower stress values.
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7.3 Comparison between experiments and simulations of dy-
namic compression tests
In this section a comparison is made between the experiments of section 7.2 and the simu-
lations of section 7.1. The two investigated steels: the commercial steel grade with a yield
stress of σy = 550MPa and the CMnSi-TRIP-Arcelor steel are further discussed.
7.3.1 Commercial steel sheets
In figure 7.27 the simulated and experimental stress waves in the Hopkinson bars are depicted
for the commercial steel grade. The same model as for figure 7.14 is used for the simulations.
The commercial steel from the experiments is modelled in ABAQUS with a yield stress of
550MPa and few strain hardening (n = 0.6) instead of using the Johnson-Cook model. Large
oscillations occur in the simulations because the rise time of the simulated wave is too short,
yet the oscillations do not occur in the part of interest in the waves. The waves are compared
to tests St 2 and St 12.
The Hopkinson signals from experiment St 2 are typical for experiments where the individual
steel sheets brake up and buckle. The reflective wave is approximately constant in the early
stages and higher than the simulated wave. This indicates a constant strain rate during
the beginning of the test. The transmitted wave then is also constant and is lower than
the simulated wave. This means that the stresses in the specimen are lower than expected
by the simulations due to the buckling of the individual steel sheets. When the sheets are
almost totally folded, the reflected wave decreases very rapidly whereas the transmitted wave
displays a peak. In the simulation the specimen material in between the Hopkinson bars, is
only loaded in compression and no buckling occurs.
Experiment St 12, on the other hand, shows better compatibility with the simulations; the
experimental stress waves are close to the simulated ones. Yet two different parts can still be
noticed in the reflected and the transmitted wave. During the first part of the experiment there
is a combination of compression and buckling, whereas in the second part only compression
of the specimen material occurs.
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(a) (b)
(c) (d)
Figure 7.27: Comparison between the simulated and experimental stress waves in the Hopkinson
bars for a steel grade with a yield stress of σy = 550MPa. In (a) and (b) the simulation
is compared to experiment St 2; in (c) and (d) the simulation is compared to experiment
St 12
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(a) (b)
Figure 7.28: Comparison between the simulated and experimental stress waves in the Hopkinson
bars for CMnSi-TRIP-Arcelor steel
7.3.2 CMnSi-TRIP-Arcelor steel
The experimentally measured (TRIP 3) and the simulated reflected and transmitted waves for
the CMnSi-TRIP-Arcelor steel are shown in figure 7.28. A full scale model for a specimen with
a length of 4mm is used and the Johnson-Cook model is used to characterize the specimen
material.
The experimental reflected wave is higher than the simulated stress wave, whereas the trans-
mitted wave is smaller. The actual strain rate is thus higher than the simulated one, whereas
the actual stress is lower. The difference can be explained by the fact that thermal softening
(see chapter 5) is not taken into account in the simulations. This is thus positive, since the
actual strain rate has a more constant behaviour than is expected from the simulations.
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7.4 Cubic vs. cylindrical compression specimens
From previous sections it can be concluded that forces on the glue layer are very important and
that during experiments this glue layer tends to fail rapidly. This glue layer is not only loaded
during the experiment itself, also during the manufacturing several forces are applied to this
glue layer. Therefore the possibility of using square or cubic needs to be investigated. The
great benefit of cubic specimens is that they are more easy to manufacture. In this paragraph
the stress distribution in cubic specimens and cylindrical specimens is thus compared with
each other. This is only a preliminary study, where only the static and not the dynamic
behaviour is taken into account in order to limit the calculation time.
As discussed in section 7.1 two effects play an important role in the stress distribution: the
friction of the end surfaces and the indentation of the Hopkinson bar ends (or safety plates).
This investigation is performed in two steps. The first step investigates the influence of friction
of the end surfaces on the uniformity and uni-axiality of the stress in the specimen under static
loading. The second step studies the influence of the indentation of the Hopkinson bar ends
under static loading. For both steps a finite element model is build in ABAQUS/STANDARD
since only static loading is considered.
In the first step the model consists of a cubic or cylindrical specimen which is placed between
two rigid bodies, representing the Hopkinson bars, which move over a fixed distance of 3mm.
Rigid bodies are used to exclude the influence of deformed bar ends: only the specimen
geometry and the friction of the end surface will influence the stress distribution. Equivalent
dimensions are used for both specimen geometries. The cubic specimen has a height of
6.95mm, the cylindrical specimen has also a height of 6.95mm and a diameter of 7.84mm,
leading to an identical surface area for both specimens.
In the second model the rigid bodies are replaced by solid bodies, in order to allow deformation
of the Hopkinson bar ends. The element mesh for the cubic specimen comprises 5508 quadratic
elements, for the cylindrical specimen 6630 quadratic elements are used.
Figure 7.29 depicts the simulation of the first model. The first figure shows a cross-section of
the cylindrical specimen, the second one of the cubic specimen. The grey parts visualize the
rigid bodies between which the specimen is clamped. The friction coefficient is µ = 0.2. For
both specimens the highest stresses occur at the edges of the contact surfaces.
The colour code of figure 7.29 is based on the ratio of the von Mises stress to the average von
Mises stress in the specimen and gives an idea of the uniformity of the stress.
The variables for global uniformity, uniformityv and uniaxiality defined in section 7.1.1 are
used to assess the influence of friction and indentation of the Hopkinson bar ends on the
stress distribution. The friction coefficient was varied between µ = 0 and µ = 0.20 with no
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Figure 7.29: Uniformity in a cylindrical and cubic specimen between two rigid bodies under static
loading
indentation of the bar end, on the one hand. On the other hand, the indentation was varied,
with a constant friction coefficient of µ = 0.1. The results are shown in figure 7.30.
• Uni-axiality vs. friction
In figure 7.30(a) the uni-axiality of the central element of both specimens and the average
uni-axiality is given in function of the friction. It can be seen that the uni-axiality of the
central element of the specimen is about 30% lower than the average uni-axiality. The
geometry has limited influence on the uni-axiality, whereas friction has great influence.
For a friction coefficient of µ = 0.1 the uni-axiality in the central element ∆ = 0.6, for
µ = 0.2 on the other hand, ∆ = 0.45.
• Uniformity vs. friction
The two definitions of uniformity (equations (7.1) and (7.2)) are used to investigate the
uniformity in the specimen. The uniformity is very sensitive to the friction coefficient
(equation 7.1 is the most sensitive), whereas a limited dependence of the geometry is
noticed.
• Uni-axiality vs. indentation
The influence of the indentation of the Hopkinson bar ends on the uni-axiality is limited.
Against expectancy, uni-axiality seems to increase for small indentation. Cylindrical
specimens give better uni-axiality results than cubic specimens.
• Uniformity vs. indentation
Indentation has also a limited influence on the uniformity of the stress distribution.
Cylindrical specimens give better results.
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(a) (b)
(c) (d)
Figure 7.30: Influence of friction and indentation of the Hopkinson bar ends on the uniformity and
uni-axiality of the stress in a cylindrical and cubic specimen
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It can thus be concluded that friction has a major influence on the uni-axiality and uniformity
of the stresses in the specimen. Therefore the friction coefficient needs to be kept as low as
possible, which is in accordance with [2]. The influence of the indentation of the Hopkinson
bar ends, on the other hand, is limited.
No major influence of the specimen geometry is observed, cylindrical specimens are just
slightly better than cubic specimens concerning uni-axiality and uniformity of the stresses.
Moreover, when looking at the stress component that loads the glue layer, the S22 stress
(see section 7.1.3 and figure 7.6), the maximum value of the cubic specimen (196.63MPa) is
smaller than the maximum value observed in the cylindrical specimen (213.25MPa). It can
thus be suggested that cubic specimens will also lead to satisfying results and are preferable
above cylindrical specimens when testing specimens made out of steel sheets.
7.5 Conclusions
The results of a combined numerical/experimental study of the dynamic compression be-
haviour of TRIP steel sheets is presented. Although the fact that compression tests are
widely used for dynamic characterization, this technique is not straightforward for testing
steel sheets.
• Special cylindrical specimens are developed from a sandwich made out of thin steel
sheets. The production of these sandwich cylinders is however not straightforward.
• The dynamic compression behaviour is first studied using finite element calculations.
The influence of several setup parameters such as friction, bar indentation, specimen
length and material is assessed. The general conclusion of the FE calculation is that
firstly, friction should be avoided as much as possible, whereas indentation of the Hop-
kinson bar ends plays a minor role. Secondly, short specimens are preferred over the
initial proposed specimens with h = d = 5mm.
• Afterwards some exploratory experiments are discussed to assess the performance of
the setup. This is followed by a discussion of the experimental compression behaviour
of CMnSi-TRIP-Arcelor steel. From the high speed camera images and the simulation
it can be concluded that forces on the glue layer are very important and that during
experiments this glue layer tends to fail rapidly.
• Lubrication and specimen length play a very important role in the observed behaviour
of the compression specimens. Between the different lubrication types no difference is
observed.
• The deviation observed in the results is not caused by the compression of the Hopkinson
bar ends yet by the existing damage of the surfaces of the bar ends. Extra attention
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needs thus to be paid to the possible damage of the bar ends. A low roughness material
is thus preferred and an optimum needs to be found between roughness or damage and
friction coefficient.
• A new cubic specimen geometry in stead of a cylindrical geometry is proposed in order
to get better results for a specimen consisting of glued steel sheets.
As a concluding remark the author would like to emphasize that some simplifications are
made to the finite element model considered in this chapter. Further research is necessary to
fully investigate the dynamic compression behaviour of the investigated sandwich specimens.
Especially the effect of thermal softening on the global behaviour of the specimen and the
effect of the temperature on the different glue layers are worthwhile investigating.
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Medium strain rate split Hopkinson bending bar
The numerical and experimental results of the medium strain rate split Hop-
kinson bending bar setup are presented. Since the measured strain gauge signals
are very complex and difficult to interpret, it is necessary to investigate the spec-
imen behaviour using finite element calculations. Next to a thorough discussion
of the simulation results, the influence of the material model on the simulation
results is discussed. In this way an assessment is made of the SH3pbB setup as a
possible validation tool for material and structural behaviour. Moreover, common
alignment imperfections are simulated to better understand the measured signals
during a real experiment. Afterwards some exploratory experiments are discussed
to assess the influence of several setup parameters. This is followed by a discus-
sion of the experimental bending behaviour of the material. Based on a combined
experimental/numerical approach a clear view of the dynamic bending behaviour
of TRIP steel can be given.
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8.1 Finite element simulations
As can be seen in figure 3.23(b) in section 3.4.2 the output bar strain gauge signals are very
complex and difficult to interpret. It is therefore necessary to investigate the response of the
specimen using finite element calculations. Next to the stress, strain and force distribution the
investigation must also comprise the assessment of the influence of common alignment imper-
fections. Moreover, the inherent shortcomings of the experiments, such as the possible scatter
on the experimental results and/or the inaccuracies and limitations of the measurements, can
be easily overcome by numerical simulations. Based on this combined experimental/numerical
approach a clear view of the dynamic bending behaviour of TRIP steel can be given.
8.1.1 Full scale model of the SH3pB setup
A full scale model of the SH3pbB is developed to investigate the dynamic bending behaviour
of TRIP steels. Since the precise dynamical phenomena in the specimen need to be inves-
tigated, the ABAQUS/Explicit code is used for the calculations. The model comprises the
test specimen with, the incident Hopkinson bar, the output Hopkinson bars and the tips (see
section 3.4). Dimensions are equal to those of the experiments (see section 8.2). Because of
the symmetry only one quarter of the setup was modelled, and symmetry conditions were
imposed. A clear representation of the model can be seen in figure 8.1. The finite element
model is discussed in more detail in [1].
Thermal effects, adiabatic heating, are taken into account. The tips are connected to the
Hopkinson bars using a tie constraint to simulate the glue connection. The contact between
the specimen is defined in the tangential and normal direction with a friction coefficient of
0.3. A penalty interaction property for tangential friction and hard contact for the normal
behaviour of the interaction is used. Loading on the model is applied as a compressive stress
wave on the end of the input Hopkinson bar. The stress wave has an amplitude of 30.8MPa
and a rise time of 90µs, which is similar to the one experimentally observed. The total loading
time of the stress wave is 1.18ms.
The finite element mesh can be seen in figure 8.1. The specimen and Hopkinson bars are
structurally meshed with hexagonal, linear elements. The tips consist of an unstructured
mesh build up from tetragonal, quadratic elements. The advancing front algorithm is used.
The element mesh for the specimen in the figure comprises 1105 elements. The specimen
itself consists of eight elements along its thickness. Again, more details can be found in [1].
First the simulation results are discussed. The Johnson-Cook material model (see section 2.3
and chapter 5) is hereby used to simulate the plastic behaviour of the CMnSi-TRIP-Arcelor
steel specimen which is used in the experiments. Afterwards a study is performed in order to
assess the influence of the used material model (see section 8.1.3).
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Figure 8.1: Finite element model of the SH3pB setup
Remarks:
• The terms peak and pulse will be used when discussing the strain gauge signals on the
output bar. The first refers to a short increase in amplitude, with the term pulse an
increase with a more substantial duration is meant. Figure 8.2(a) clearly shows the
difference between both terms by means of the stress in the output bars in reference
conditions with Johnson-Cook used as material model for the specimen.
• The displacements of the Hopkinson bars are measured at the extremity of the tips
(figure 8.2(b)).
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(b)
Figure 8.2: Simulated stress in the output bars in reference conditions with the Johnson-Cook ma-
terial model for the specimen with clear indication of the terms pulse and peak (a) and
point on the bar end where the displacement of the Hopkinson bar is measured (b)
8.1.2 Discussion of the simulation results
Simulated stress and force distribution
Figure 8.3(a) shows the simulated stress in the output bars for the CMnSi-TRIP-Arcelor steel
specimen. The stress consists of a series of pulses followed by a plateau where the stress is
more stable. The signal also shows a large amount of oscillations, which originate from the
eigenfrequencies of the sample [1]. 1.2ms after the onset of loading a reflected stress wave is
registered from the free end of the output bar, resulting in a superposition of two waves.
Figure 8.3(b) shows the simulated force between the specimen and both Hopkinson bars.
After the first wave, the force stabilizes at an average value. During certain periods the force
drops to zero, which indicates that the Hopkinson bar loses contact with the specimen during
that time. Based on these periods without contact an assessment can be made of the specimen
movement during a SH3pbB experiment.
When the pressure wave reaches the specimen, this specimen makes contact with all Hopkin-
son bars. A time delay between the force at the input and output bar is present because of the
propagation of the waves through the specimen. No quasi-static equilibrium is thus reached.
After the first loading period, contact is lost with the input bar (at 1.38ms) and subsequently
with the output bar (at 1.41ms). At this moment the specimen is entirely free. Contact will
be restored, first with the output bar (at 1.46ms) and later with the input bar (at 1.52ms).
This observed movement of the specimen is confirmed by results from literature [2] [3] [4] [5].
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(a)
(b)
Figure 8.3: Simulated stress in the output bars (a) and simulated force distribution at the input bar
and output bar side (along the axis of the Hopkinson bars) for the Johnson-Cook model
(b)
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Figure 8.4 shows the force distribution in the transverse direction in the output bars. This
force distribution is similar to the force distribution along the axis of the specimen. The
amplitude of the force is clearly smaller than the amplitude of the force along the axis of the
Hopkinson bars, the shape is however similar. In the beginning of loading this is mainly due
to friction, afterwards the sideward component of the contact force plays the major role. Due
to the growing deformation of the specimen, the amplitude of the transverse force component
increases in time.
Figure 8.4: Simulated force distribution in the transverse direction in the output bars (along the axis
of the specimen)
Displacement of the Hopkinson bars and of the specimen
The displacement of the specimen is similar to the displacement of the Hopkinson bars, but
with some interesting differences. When the end of the pressure wave reaches the specimen,
the input bar stops moving (at 2, 35ms). The specimen however will continue its movement
(figure 8.5(a)) due to inertia. The distance covered by the specimen is dependent on the
material (see section 8.1.3). Afterwards the specimen returns elastically, making contact with
the input bar. The latter movement is also dependent on the displacement of the output bars
at that time.
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(a) (b)
Figure 8.5: Simulated displacement of the specimen at the input bar side (a) and at the output bar
side (b)
The displacement of the specimen at the output bar side is also similar to the displacement
of the output bars. The major difference is that the specimen will first move away from the
bar ends due to the bending of the specimen (figure 8.5(b)). As this plastic deformation is
larger, the displacement of the input bar is compensated by the opposite translation caused
by the bending. It is clear that the initial displacement of the specimen does not induce a
displacement of the output bar (see paragraph 8.1.2).
Force - displacement curves of the Hopkinson bars and of the specimen
The two previous sections can now be combined to plot the force-displacement curves. First
of all the relative displacement is considered, i.e. the displacement of the specimen in the
center reduced with the nett displacement of the specimen at the output bars. In this way
the oscillating movement of the specimen is eliminated and a clearer view can be given of
the displacement at the input bar side. Figure 8.6 gives the force-relative displacement curve
for the CMnSi-TRIP-Arcelor steel specimen at the input bar. The strong oscillations at the
end of the curves can be neglected as these are caused by the reflective wave from the output
bars.
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Figure 8.6: Simulated force - relative displacement curve of the specimen at the input bar
Plastic deformation of the specimen
In this section the equivalent plastic elongation (PEEQ) in the specimen is investigated. The
PEEQ is measured in the center of the specimen with a thickness of eight elements. Eight
elements instead of four elements (as in the previous simulations) are used to have a more
accurate description of the loading. More information can be found in [1].
In figure 8.7(a) the PEEQ is plotted as a function of time for the reference material model
(Johnson-Cook) and a Hollomon material model with n = 0.10 and K = 251.2846 a deviating
stress behaviour. The amplitude of the PEEQ for the reference Johnson-Cook model is
significantly lower than for the other model. This is a consequence of the higher yield stress
of the reference material, as more resistance is offered against plastic deformation. Moreover,
a material with a lower initial yield stress plastic deformation will start earlier. It must also
be noticed that the plastic deformation of all elements over the section of the specimen starts
rather late (at 2.06ms). The plastic deformation thus travels slowly over the thickness of the
specimen towards the center.
The PEEQ curves of figure 8.7(a) show a gradual increase where a rising flank is followed by
a short or longer constant period. During these plateaus no plastic deformation occurs. In
order to explain these plateaus, the PEEQ curve is compared to the force development at the
input bar and output bar side of the specimen for the reference Johnson-Cook model (figure
8.7(b)). Since the force is measured during a simulation with a thickness four elements, the
PEEQ-curve registrated for four elements is also depicted.
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(a) (b)
Figure 8.7: Distribution of the PEEQ in an outside element of the specimen, for the Johnson-Cook
model and for a Hollomon model with strongly deviating properties (a) and in comparison
with the force at the input bar and output bar side of the specimen (b)
It is remarkable that there is a large time delay between the start of loading and the first
observation of plastic deformation. The initial loading pulse, before contact is broken between
the specimen and the input bar, does therefore not induce any plastic deformation of the
specimen. All present deformation is thus purely elastic (for the reference Johnson-Cook
model at least). Only during the second phase of loading, after the contact loss, plastic
deformation occurs: the PEEQ value increases, whereas the force starts to decrease. As long
as the force is insufficient to plastically deform the specimen, the PEEQ curves stabilize and
form a plateau. When the force exceeds a certain critical value the PEEQ value starts to
rise again. In the beginning the loading peaks succeed each other very fast, leading to rather
small plateaus. At the end of the first incident wave, the contact is lost again, causing a drop
of the force at the input bar side and a final PEEQ plateau (ca. 2.40ms).
The exact position of these plateaus cannot be explained by comparing the PEEQ to the force
developed at the input bar side alone. The plastic deformation of the specimen is also depen-
dent on the force of the output bars and the present wave phenomena. The combined action
of all influences with all different time distributions, will cause the final PEEQ behaviour.
The observed phenomena can now be combined to determine the development of elastic and
plastic deformation of the specimen (figure 8.8). The incident wave causes a loading of the
specimen by the incident bar. When the displacement of the specimen by incident bar starts,
the extremities of the specimen move in the opposite direction. The input bar however
continues to induce its displacement.
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Figure 8.8: Schematic representation of the plastic deformation of the bending specimen for the
reference Johnson-Cook model
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Figure 8.9: Distribution of the relative displacement and the PEEQ value in an outside element of
the specimen
The forced deformation can thus best be described by the relative displacement of the spec-
imen. Figure 8.9 shows this relative displacement (deformation) of the specimen and the
PEEQ distribution as a function of time. The displacement of the extremities of the spec-
imen is however much smaller than the displacement induced by the input bar. An extra
deformation is thus induced on the specimen. From the figure it is clear that during the first
stage the deformation is purely elastic. Only after a certain loading the specimen starts to
deform plastically, with a drop in the force as a consequence (see section 8.1.2).
8.1.3 Influence of the material model
In this section the dependency of the results of a medium strain rate three point bending bar
experiment on the material behaviour is investigated. In this way it can be examined if this
method is suitable for use as a validation tool for material models. Simulations are carried out
for specimens with varying material characteristics. When the results remain quite similar for
totally different stress-strain relations, the SH3pbB experiment is not very material sensitive.
No conclusions can then be drawn for the material behaviour during an experiment and the
measured signals of the strain gauges can not lead to information on the test material without
knowing this material.
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Besides the Johnson-Cook material model of the CMnSi-TRIP-Arcelor steel specimen, used
as a reference, five other material characteristics are simulated in order to determine the
influence of the material on the obtained results. The elastic behaviour (Young’s modulus
and Poisson coefficient) is kept constant, whereas the plastic behaviour is modelled according
to the following equation 8.1 [6]:
σtrue = Kεnp,true (8.1)
This is the Hollomon stress-strain relation where σtrue is the true stress, p,true the true plastic
strain, n the strain hardening coefficient and K a material constant. By varying parameters K
and n, five new stress-strain relations are selected. All these simulated stress-strain curves are
depicted in figure 8.10 together with the actual stress-strain curve of CMnSi-TRIP-Arcelor
steel.
Figure 8.10: True stress - true plastic strain curves of the material models used in the finite element
simulation of the SH3pB setup
Simulated stress in the output bars
Figure 8.11 shows the simulated stress in the output bars for the Johnson-Cook model and the
different Hollomon stress-strain relations. The shape of the different curves are very similar:
the low yield strength materials exhibit early on deviation from the reference curve, but as
time increases all curves gradually start to differ from each other. The signal amplitude
increases for materials with a higher yield strength. No clear relation can be made between
this amplitude and the n or K value. After the first pulse, the stress stabilizes at an average
246
Chapter 8. Medium strain rate split Hopkinson bending bar
value. The different materials can clearly be distinguished from each other, when the material
parameters are sufficiently different.
Figure 8.11: Simulated stress in the output bars for the Johnson-Cook model and different Hollomon
stress-strain relations
When looking at these signals in more detail, it is noticed that the peaks of the signals of the
different materials are not exactly located at the same point in time. As the slope of the true
stress-true strain curve decreases, the peaks tend to occur at a later moment. Indeed, when
this slope decreases, the wave propagation velocity of the material C will also decrease. The
vibration frequency will accordingly drop resulting in a longer time period and thus a peak
which occurs later in time.
During certain periods the force drops to zero, which indicates that the input Hopkinson bar
loses contact with the specimen during that time. Depending on the used material model the
output bars will lose contact again. Especially the less stiff materials tend to lose contact
with the output bars several times.
Force - displacement curves of the Hopkinson bars and of the specimen
Figure 8.6 gives the force-relative displacement curves for the different simulated materials.
It can be clearly seen that this force-displacement curve is indeed dependent on the material
properties of the simulated model. The properties which differ most from those of the reference
material, show a different behaviour from the beginning of loading. From this moment on these
materials will show plastic deformation, as the models all have the same elastic properties.
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The different curves all stabilize at the end of the first wave at a different plateau. Simulation
results from a static three point bending experiment for the different simulated materials
learn that these plateaus correspond with the respective static loading forces [1]. The strong
oscillations at the end of the curves can be neglected as these are caused by the reflective
wave from the output bars.
Figure 8.12: Simulated force - relative displacement curve of the specimen at the input bar
8.1.4 Influence of setup imperfections on the specimen behaviour
In order to better understand the measured signals during a real experiment, several common
imperfections of the SH3pbB setup are simulated in ABAQUS. The following imperfections
that can possibly occur during real test conditions are considered (see figure 8.13):
• offset opening between specimen and output bar,
• input bar shifted from the center,
• output bar shifted outwards,
• output bar turned outwards,
• bad positioning of the tip,
• and specimen turned around its central vertical axis.
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(a) (b)
(c) (d)
(e) (f)
Figure 8.13: Schematic representation of the imperfections of the SH3pbB setup
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The simulated imperfections are applied separately and do not interact with other imperfec-
tions. In this way the single influence and not the combined influence of several imperfections
on the behaviour can be investigated. Moreover, the imperfection is always applied to one
single bar, and not to both output bars. The symmetry conditions used in previous simula-
tions do therefore not apply and modelling a quarter of the setup is not sufficient any more.
The model will thus require more calculation time than previous simulations. In order to
restrict this calculation time, without too much loss in accuracy, the mesh of the tips at the
Hopkinson bar end is now also modelled with linear instead of quadratic elements.
The results of these simulations are compared to the reference signals of a perfectly posi-
tioned setup and critical setup parameters are found. This leads to a better understanding
of the specimen behaviour under dynamic three point bending conditions and to a further
optimization of the SH3pbB setup. The simulations are discussed in great detail in [1]. Some
of the imperfections have only a limited influence on the stress distribution in the specimen.
Yet other imperfections, especially an offset opening between specimen and output bar (figure
8.14), clearly affect the shape of the measured stress signal. The global shape of the curve is
preserved however, as long as the proportion of the imperfection is relatively small.
The conclusions for the different imperfections can be summarized as follows:
• offset opening between specimen and output bar: changes in amplitude and time phase
of the stress signals in both output bars
• input bar shifted from the center: mainly changes in time phase of the stress signals in
both output bars
• output bar shifted outwards: mainly changes in time phase of the stress signals in the
shifted output bar
• output bar turned outwards: small deviations
• bad positioning of the tip: small deviations
• and specimen turned around its central vertical axis: small time shift of the signals
It must be noted that the amplitude of the force obtained in figure 8.14 is twice as large as
the forces in previous graphs. This is caused by the symmetry conditions in the previous
simulations, where only a quarter of the model is observed.
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Figure 8.14: Distribution of the force as a function of the displacement at input bar side for the
SH3pbB setup with an offset opening of 0.1mm between specimen and output bar
8.2 Dynamic bending experiments: exploratory experiments
In this section an overview is given of the performed three-point bending experiments on the
split Hopkinson bar setup. The experiments were performed on the industrial CMnSi-TRIP-
Arcelor steel. The specimens all have a length of 80mm, a width of 25mm and a thickness
of 1.4mm. The distance between both output bars is set on 60mm for all experiments. More
information about the setup itself can be found in section 3.4. A more practical discussion of
the experiments can be found in [1].
As discussed in section 3.4.2, the amplitude of the output bar signals is small compared to the
signal in the input bar and the inevitable noise. The amplitude of the output bar signal and
thus the quality of the measurement was improved by reducing the diameter of the output
bars. The input bar has a diameter of 25mm, whereas both output bars have a diameter of
12.5mm.
The strain signals in the output bars for a first SH3pbB experiment with an incident wave
with an amplitude of 30.8 MPa are given in figure 8.15(a). It can be seen that both signals
are slightly dephased in time. Yet, a part of the waveforms are in contra phase with each
other. First, the signal consists of four pressure peaks after which the signal stabilizes around
a mean value. At 1.2ms after the first wave, peaks with a larger amplitude appear in the
signal. These are caused by the reflection of the transmitted wave at the end of the output
bars. The experiment with an incident wave of 43.6MPa, shows a similar strain signal, yet
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with higher strain values (figure 8.15(b)). Due to the oblique forces on the specimen caused
by the three point bending, the output bars have the tendency to bend outwards.
8.2.1 Influence of the outward movement of the output bars
The sideway movement of the output bars can be controlled by the position of the first output
bar support. Therefore experiments are conducted to assess the effect of a change of position
of this first output bar support. In figure 8.16(a) the first output bar support is shifted
towards the specimen. All tests are done with an amplitude of the incident wave of 30.5
MPa. The specimen is painted white, in order to visualize the contact of the output bars on
the specimen.
Despite the adaptation of the setup, the output bars still continue to show a large sideway
movement. The distance of the support to the specimen is however limited, otherwise the
movement of the input bar will be disturbed. Analysis of the markings on the specimen show
that the line contact between specimen and Hopkinson bars remains vertical throughout the
first wave. Afterwards, the line contacts (especially at the input bar side) appear under a
certain angle, due to a rotation of the Hopkinson bars.
In figure 8.16(b) the distribution of the strain measured in both output bars is given for
the current setup. The measured strain waves show clear differences with the strain waves
measured in the reference conditions (figure 8.15(a)). The strain signals of each output bar are
more dephased in time in the current situation than in the reference condition. The amplitude
of the signals in figure 8.16(b) is remarkably different between left and right output bar.
High speed images have shown that the outward movement of the output bars is important.
In order to assess the influence of these oblique forces on the measured signals, the outward
movement was prevented mechanically (figure 8.17(a)).
When comparing the strain distribution in the output bars in the setup where outward move-
ment is prevented with the previous obtained signals, some clear differences can be noticed
(figure 8.17(b)). The present signals of both output bars are practically not dephased in time.
The shape and the amplitude of the waves are similar for both output bars. The amplitude
of the pressure peaks, on the other hand, are strongly reduced and the oscillations present in
all the previous results have diminished. In the previous results the signal dropped to zero
after the first pressure peak before further reloading the specimen. In this case however, the
specimen is continuously loaded without a drop to zero.
In figure 8.18 the equilibrium can be seen between the force at the input bar side and the
forces in both output bars for an experiment.
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(a)
(b)
Figure 8.15: Output bar signals for an incident wave of 30.8 MPa (a) and 43.6 MPa (b)
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(a) (b)
Figure 8.16: First output bar support shifted towards the specimen in order to limit the sideway
movement of the output bars (a) and the corresponding output bar signals for an
incident wave of 30.5 MPa (b)
 
      
            
            
               
          
   
  
 
             
 
         
              
            
              
        
 
       
            
            
            
      
 
(a) (b)
Figure 8.17: Prevention of the outwards movement of the output bars (a) and the output bar signals
(b) for an incident wave of 22.3MPa with the first output bar support shifted towards
the specimen and the outward movement of the output bars prevented
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Figure 8.18: Equilibrium between the force at the input bar side and the forces of both output bars
These experiments clearly show the difficulty in achieving a high reproducibility of the
SH3pbB bending experiments for this type of specimen. The shape of the transmitted wave
and similarity between left and right output bar (in phase and in amplitude) is difficult to
reproduce. The effects of misalignment and other imperfections on the measured strain waves
in the output bars need thus to be investigated in greater detail. This is done by using finite
element calculation and is discussed in section 8.1.4.
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(b)
Figure 8.19: High speed camera images of the specimen movement during a Hopkinson three-point
bending experiment during the first wave (a) and during the subsequent reflective waves
(b)
8.2.2 High speed camera analysis
In order to get a better understanding of the movement of the specimen during the SH3pbB
experiment a high speed camera was used. A Redlake camera was used (courtesy of the
department of Movement and Sport Sciences of Ghent University). The camera can attain
a frame rate of 5000 frames per second for these experiments. This signifies that only five
images can be taken for the first wave passage (figure 8.19(a)). The continuation of the
specimen movement due to the following wave passages can be seen in figure 8.19(b). From
the high speed images it is very clear that the outward movement of the output bars after
the first wave is important.
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In figure 8.20 the strain signals are shown which were measured on the output bars during
one of these experiments. These signals show a similar distribution of the strain as in the
previous cases (figures 8.15(a) and 8.16(b)). Yet the amplitude and phase differ strongly
between the different experiments of figures 8.15(a), 8.16(b) and 8.20. Moreover, important
difference exist between the signals of the output bars separately (figure 8.20).
Figure 8.20: Output bar signals for an incident wave of 29.9MPa with the first output bar support
shifted towards the specimen
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8.2.3 Conclusions of the exploratory experiments
In total fourteen experiments were performed on the industrial CMnSi-TRIP-Arcelor steel
on the three-point bending setup using the Hopkinson principle. The signals all have similar
shape, yet large differences are noticed between the experiments (see figure 8.21). As can be
seen, only the level of the stress plateau is for the different experiments similar and lies within
the experimental scatter of the measurements. Large differences are also seen when comparing
both output bar signals of one experiment with each other. It can thus be concluded that the
setup needs very accurate positioning of all elements and that high reproducibility cannot be
achieved with the current setup.
Figure 8.21: Output bar signals for all the previously discussed exploratory experiments
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8.3 Dynamic bending experiments: comparison with the sim-
ulations
8.3.1 Comparison with the reference conditions
When looking at the experimental results in section 8.2, it is clear that these results depend
on a great number of parameters and are therefore difficult to reproduce. The global shape
of the measured signals is however very similar which indicates that the principle of these
experiments is indeed well suited for our purpose as a validation tool for material models. In
this section the results of one experiment are extensively compared to the simulations.
The registered signals of figure 8.15(a) are used to calculate the histories of the forces, veloc-
ities and displacements at the contact interfaces between bars and specimen (see also section
2.2.3 and 3.4). These signals are compared with the reference simulation of section 8.1.3.
Figure 8.22 shows the experimentally measured stress and the simulated stress signals in one
of the output bars. The global shape of the two signals is very similar: the first part of
the wave consists of three subsequent pulses with increasing amplitude. There upon, this
transmitted wave stabilizes at a constant amplitude with small oscillations around the mean
value. The noise on the experimentally obtained signal is quite important in comparison
with the amplitude of the signal itself, making it very difficult to analyse the high frequency
oscillations in the signal.
Figure 8.22: Distribution of the experimental stress in one of the output bars compared with the
simulated strain distribution under reference conditions
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With these strain gauge signals the displacements of the contact interfaces between bars and
specimen can now be calculated (see figure 8.5(a)). The displacement of the specimen at
the input bar side increases with a constant velocity. This confirms that the split Hopkinson
three-point bending test can approximately be considered as displacement driven.
The distribution of the force can now also be calculated for the experiment and the simulation.
First of all the force is calculated at the input bar side using both incident and reflective
waves (figure 8.23). The experimental and simulated force curves show good agreement. In
the beginning a first loading pulse can be noticed followed by a period without loading of the
specimen. Subsequently, the two loading peaks are seen with a strong downfall of the force.
Finally, the distribution shows large oscillations around a mean amplitude of the force.
Figure 8.23: Distribution of the experimental force in the specimen at the input bar side compared
with the simulated force distribution under reference conditions
Similar graphs can be calculated at the output bar side.
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8.3.2 Comparison with the non-reference conditions
A final aspect that needs to be studied is the mutual relation of each of the output bar
signals. As described in section 8.2 the signals of each output bar are similar to each other,
yet some differences exist. In this paragraph the output bar signals are compared to the
signals obtained in the output bars when common imperfections are induced in the setup
(section 8.1.4).
In figure 8.24(a) below it is clear that the signals of both output bars are different. Based on
the simulated imperfections a possible cause for these differences is investigated. Two major
aspects attract attention when looking at the experimental output bar signals. First there is
a small time delay present in the beginning of the loading wave. Subsequently the signals of
the output bars are alternately phased and dephased with each other. This time delay can
be caused by a number of imperfection types, certainly when the delay is as small as here.
Besides the time delay, the shape of the curve is very specific in the beginning. The delayed
signal does not show a continuous transition, yet a steep increase in the beginning of loading.
Moreover, the amplitude of this increase is higher than for the other signal. These two aspects
give a good indication that a small offset opening was present between one of the output bars
and the specimen (figure 8.24(b)).
The offset opening was probably very small since the time delay in the experiment was five
times shorter than in the simulation of the imperfect output bar with 0.1mm offset. The
alternating phased and dephased signals could also be caused by an offset opening between
specimen and output bar. All these indications lead to the conclusion that a small imperfec-
tion of the setup was present by means of an offset opening between specimen and output bar.
Yet it can not be determined if other imperfections were also present during the experiment.
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(a)
(b)
Figure 8.24: Time evolution of the experimental strain in both output bars (a) compared with the
simulated strain distribution in the imperfect output bar with 0.1mm offset and the
other output bar under reference conditions (b)
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8.4 Conclusions
A more dimensional stress state is introduced in the test specimen by means of a three-point
bending setup. The material and structural behaviour is investigated by experiments and
numerical modelling. Since the measurements are very complex and difficult to interpret, it
is necessary to investigate the specimen behaviour using finite element calculations. Next to
a thorough discussion of the simulation results, the influence of the material model on the
simulation results is discussed. In this way an assessment is made of the SH3pbB setup as a
possible validation tool for material and structural behaviour.
• Three-point bending setups based on the Hopkinson principle, are suitable for more-
dimensional material testing: the signals captured during the experiment can be used
to characterize the material properties. However, a straightforward interpretation of
these signals is very difficult with this setup.
• It can be concluded that the SH3pbB setup is a possible validation tool for material
and structural behaviour of the investigated materials.
• Common alignment imperfections are simulated to better understand the measured
signals during a real experiment. Small imperfections can significantly influence the
signals, but the global shape of the curve is preserved as long as the proportion of the
imperfection is relatively small.
• Exploratory experiments are discussed to assess the influence of several setup parame-
ters. Great care during aligning is required to repeatedly gather qualitative signals.
• The experimental bending behaviour of the material is discussed. Plastic deformation
during the loading is concentrated in the centre of the specimen. The specimen acts in
this way as a plastic hinge.
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9
Conclusions
In this work an integrated numerical and experimental approach was presented
to obtain an in-depth understanding of the high strain rate behaviour of materials
by making advanced use of a split Hopkinson bar setup. The approach was illus-
trated by an investigation of the multiphase TRansformation Induced Plasticity
(TRIP) steel, a key member of the new generation steel grades. In order to achieve
the present goal of an in-depth understanding of the material and structural be-
haviour, three different steps were followed. The most important achievements of
the PhD research are summarized in this chapter. Moreover a list of new ideas
and suggestions is presented as well.
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9.1 Observation of the material behaviour
The material properties are extensively characterized. Not only by means of static experi-
ments, also by special developed high strain rate or dynamic experiments. Static and dynamic
experiments, with strain rates varying from 500 to 2000 s−1, are performed on a wide array
of TRIP steel grades with varying alloying elements (Al, Si, P). Several material properties
are discussed. The results are further analysed with different microstructural characterization
and quantification methods. The conclusions are the following:
• TRIP steels combine high strength with high ductility and offer therefore an excellent
crash energy absorption potential. The steels exhibit a remarkable uniform elongation
despite their strength levels. This is due to the composite-effect of the different phases
in the material and to the occurrence of the strain-induced transformation and thus the
TRIP effect.
• In dynamic conditions the strain rate has limited influence on the material properties.
However, an important increase is noticed when comparing static to dynamic conditions.
• The differences in strength, elongation and energy absorption levels observed between
the investigated materials can be attributed to their chemical composition. Silicon
contributes to a significant solid solution strengthening and thus high strength levels.
TRIP steels mainly alloyed with aluminium on the other hand exhibit lower strength
values but higher elongation levels. The work hardening of the latter is more constant
during deformation, whereas a high silicon content results in higher work hardening.
• Adiabatic heating during high strain rate deformation tends to slow down the strain
induced martensitic deformation.
A clear insight in the composite behaviour of aluminium containing TRIP steel was obtained
by examining the quasi-static and high strain rate deformation properties of the CMnAl-
TRIP steel and its constituent phases. The ferrite and bainite of the CMnAl-TRIP steel
were processed as bulk phases and a 301LN austenitic steel was used to assess the dynamic
behaviour of the martensite/austenite constituent in TRIP steel.
• The investigated materials exhibit a positive strain rate dependency for stress, strain
and energy absorption values. Except for the 301LN austenitic steel, the strain rate
dependency is not pronounced in the dynamic strain rate region.
• Ferrite causes high elongation values, bainite the high stress values in TRIP steels. The
martensite/austenite constituent is responsible for the excellent combination of high
stress and strain in the TRIP steel as well as for the important strain hardening.
• Microstructural observations show that the bainite phase is not homogeneous and con-
tains a minor fraction of retained austenite.
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9.2 Description of the material behaviour
The observed behaviour can be described by laws or material models. Several of these models
are applied to the investigated materials. Phenomenological and semi-phenomenological mod-
els are discussed together with a summary of the research conducted on the micromechanical
modelling of TRIP steels. By looking at the different model parameters objective conclusions
are drawn on the exhibited material behaviour. These models can then be used to determine
the structural behaviour by implementing it in Finite Element (FE) codes.
• Phenomenological models can describe the complex strain rate and temperature de-
pendent behaviour. For the CMnAl-TRIP the Johnson-Cook model and an extended
version of the Ludwig model were found to result in a good fit with the experimen-
tal data. All investigated models show good agreement with the experiments for the
CMnSi-TRIP and CMnSiAl-TRIP steel.
• The widely-used Johnson-Cook model is recommended for describing the complex mate-
rial behaviour of TRIP steels. Due to its limited amount of parameters and its straight-
forward use and interpretation, the Johnson-Cook model is preferred above the other
investigated phenomenological models. Its availability in commercial finite element
codes is an additional advantage.
• The semi-phenomenological Rusinek-Klepaczko model shows a good agreement with the
experimental results. Yet, the Johnson-Cook model is preferred over this more physically
based model because of its straightforward use. The Rusinek-Klepaczko model however
can give an important insight in the nature of the material.
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9.3 Validation of the material and structural behaviour
This research does however not stop with these two previous pillars, it goes a step beyond.
Several more complex and advanced experiments on the material and on structural compo-
nents are performed. These experiments provide additional validation data for the material
models. Moreover, these advanced experiments are combined with numerical modelling of
the experiments in order to fully understand the observed behaviour.
• The results of more advanced tensile experiments are given together with their influence
on the investigated material models. Three different types of experiments are discussed:
– Strain rate jump experiments: During strain rate jump experiments a sudden
change in the strain rate is induced. Tests with a strain rate jump are particularly
important in the determination of constitutive relations of the material behaviour
because the microstructure is supposed to have no significant evolution in the
course of the rapid change of strain rate. For the materials investigated here, lower
stress levels are observed in the jump experiments, yet they cannot be attributed
to the strain rate jump and are ranged within the experimental scatter. A steep
increase of the strain hardening during strain rate jump experiments is observed.
– Dynamic tensile experiments at increased temperature: In order to further validate
the strain rate and temperature dependent material behaviour described by the
material models, it is important to alter the test temperature by performing SHTB
experiments at higher temperatures than room temperature. Moreover, the effect
of this additional temperature rise on the material behaviour and the austenite
to martensite transformation can be investigated. The higher test temperature
causes an important decrease of the stress levels and energy dissipation in the
CMnAl-TRIP-TKS-TR steel. Temperature has also a negative effect on the strain
hardening and strain hardening rate in the early stages of deformation.
It is found that the investigated phenomenological models clearly overestimate the
experimental curves at higher test temperatures. The adiabatic softening of the
material is thus clearly larger than assumed in these models.
– Interrupted dynamic tensile experiments: With interrupted SHTB experiments the
specimen is loaded until a certain deformation level. In this way the microstruc-
ture and especially the martensite transformation at a certain plastic deformation
can be observed. It is observed that the stress of the interrupted experiments is
slightly lower than for the classic static and dynamic experiments. Yet, for the
dynamic experiments no exact conclusions can be drawn due to the oscillations in
the engineering stress-strain curves.
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• The results of a combined numerical/experimental study of the dynamic compression
behaviour of TRIP steel sheets is presented. Although the fact that compression tests
are widely used for dynamic characterization, this technique is not straightforward for
testing steel sheets.
– Special cylindrical specimens are developed from a sandwich made out of thin steel
sheets. The production of these sandwich cylinders is however not straightforward.
– The dynamic compression behaviour is first studied using finite element calcula-
tions. The influence of several setup parameters such as friction, bar indentation,
specimen length and material is assessed. The general conclusion of the FE cal-
culation is that firstly, friction should be avoided as much as possible, whereas
indentation of the Hopkinson bar ends plays a minor role. Secondly, short speci-
mens are preferred over the initial proposed specimens with h = d = 5mm.
– Afterwards some exploratory experiments are discussed to assess the performance
of the setup. This is followed by a discussion of the experimental compression
behaviour of CMnSi-TRIP-Arcelor steel. From the high speed camera images and
the simulation it can be concluded that forces on the glue layer are very important
and that during experiments this glue layer tends to fail rapidly.
– Lubrication and specimen length play a very important role in the observed be-
haviour of the compression specimens. Between the different lubrication types no
difference is observed.
– The deviation observed in the results is not caused by the compression of the
Hopkinson bar ends yet by the existing damage of the surfaces of the bar ends.
Extra attention needs thus to be paid to the possible damage of the bar ends.
A low roughness material is thus preferred and an optimum needs to be found
between roughness or damage and friction coefficient.
– A new cubic specimen geometry in stead of a cylindrical geometry is proposed in
order to get better results for a specimen consisting of glued steel sheets.
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• A more dimensional stress state is introduced in the test specimen by means of a three-
point bending setup. The material and structural behaviour is investigated by experi-
ments and numerical modelling.
Since the measurements are very complex and difficult to interpret, it is necessary to
investigate the specimen behaviour using finite element calculations. Next to a thorough
discussion of the simulation results, the influence of the material model on the simulation
results is discussed. In this way an assessment is made of the SH3pbB setup as a possible
validation tool for material and structural behaviour.
– Three-point bending setups based on the Hopkinson principle, are suitable for
more-dimensional material testing: the signals captured during the experiment
can be used to characterize the material properties. However, a straightforward
interpretation of these signals is very difficult with this setup.
– It can be concluded that the SH3pbB setup is a possible validation tool for material
and structural behaviour of the investigated materials.
– Common alignment imperfections are simulated to better understand the measured
signals during a real experiment. Small imperfections can significantly influence
the signals, but the global shape of the curve is preserved as long as the proportion
of the imperfection is relatively small.
– Exploratory experiments are discussed to assess the influence of several setup pa-
rameters. Great care during aligning is required to repeatedly gather qualitative
signals.
– The experimental bending behaviour of the material is discussed. Plastic defor-
mation during the loading is concentrated in the centre of the specimen. The
specimen acts in this way as a plastic hinge.
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9.4 Perspectives and Future Directions
In this work advanced use is made of a split Hopkinson bar setup in order to investigate
the behaviour and the modelling of a new generation of steel grades under impact-dynamic
conditions. Yet, this work is not the endpoint and there are still new interesting fields to
explore. Based on the research presented in this work, this section aims to provide new
perspectives and directions for the advanced use of a split Hopkinson bar setup.
• In section 2.2.4 a short discussion is presented on the tensile specimen geometry and
the homogeneity of stresses and strains in this specimen. To this purpose, the actual
distribution of the deformation along the length of the specimen is measured using a
rotating drum camera [1]. Nowadays, digital high speed photography and new optical
measurement systems can offer new insights in this strain distribution. Furthermore, in
high strain-rate tension tests, the onset of necking seems to be a function of the loading
rate [2], and accurate local measurements of strain localisation are important in studies
of dynamic ductile failure.
However, it is so far not possible to accurately measure the extent of localisation from
high-speed images of the deformed specimen. It appears that the study of localisa-
tion of materials subjected to high strain-rates is still in the early stages due to lack
of measurement techniques to obtain accurate field data in the localised region [3]. In
order to obtain more meaningful measurements in the localised region, a robust full-
field measurement method is required. Optical measurement methods including laser
interferometry, speckle photography and image correlation methods provide promising
alternatives. However, these methods in conjunction with high-speed photography has
not been used very often in high strain-rate tension tests. These high-speed photog-
raphy techniques offer an important tool to compare the numerically predicted and
experimentally observed specimen geometry (see figure 9.1).
 
 
 
 
 
 
 
 
   
  
    
Figure 9.1: Comparison of strain fields at the onset of diffuse necking from digital image correlation
and numerical simulations with shell elements (a) and comparison of strain fields at the
onset of localised necking from digital image correlation and numerical simulations with
shell elements (b) [3]
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• In chapter 6 the results of more advanced tensile experiments are given together with
their influence on the investigated material models. A few comments can be given on
the obtained results.
– Strain rate jump experiments: During strain rate jump experiments a sudden
change in the strain rate is induced. For the materials investigated in this work, the
changes in the behaviour are ranged within the experimental scatter and cannot
be attributed to the strain rate jump. It is therefore recommended to repeat these
experiments for materials which are more strain rate sensitive in the strain rate
range of the jump.
– Interrupted dynamic tensile experiments: With the succession of short in-
terrupted adiabatic experiments it is possible to obtain an approximation of an
isothermal high strain rate experiment [4] [5]. One should indeed point out that
high strain rate experiments are accompanied with a noticeable temperature rise
in the specimen. This causes thermal softening of the overall mechanical response
of the specimen. This adiabatic process has to compete with the strain and strain
rate hardening of the material during deformation. A better understanding of
the temperature dependence of the material behaviour can be achieved when the
adiabatic experiments are compared to high strain rate experiments where the
temperature in the specimen is kept constant.
An approximation of an isothermal experiment can thus be obtained by a suc-
cession of short adiabatic experiments, where the loading of the specimen is inter-
rupted at a certain deformation. Between two succeeding experiments the specimen
can be cooled down. In figure 9.2 an example is shown of such an approximated
isothermal experiment. This curve is obtained by S. Nemat-Nasser at the Univer-
sity of California, San Diego [6]. With this type of experiment the specimen is
gradually loaded to fracture which gives also an excellent opportunity to study the
evolution of the microstructure at every step.
These approximated isothermal curves can then form additional input to validate
the (semi-) phenomenological models described in section 2.3. Especially the de-
scription of the temperature dependence of the high strain rate experiments can
be investigated.
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Figure 9.2: Approximation of the isothermal high strain rate behaviour obtained with several short
interrupted adiabatic high strain rate experiments [6]
• In chapter 7 the results of a combined numerical/experimental study of the dynamic
compression behaviour of TRIP steel sheets is presented. In section 7.4 of this chapter
the stress distribution in cubic specimens and cylindrical specimens is compared with
each other. Cubic specimens have the major advantage that during manufacturing less
forces are applied to the specimen, and to the glue layers within the specimen. No major
influence of the specimen geometry is observed, cylindrical specimens are just slightly
better than cubic specimens concerning uni-axiality and uniformity of the stresses. It
can thus be suggested that cubic specimens will also lead to satisfying results and are
preferable above cylindrical specimens when testing specimens made out of steel sheets.
• In chapter 8 a more dimensional stress state is introduced in the test specimen by
means of a three-point bending setup. It can be concluded that the SH3pbB setup
is a possible validation tool for material and structural behaviour of the investigated
materials. However, a straightforward characterization of materials is very difficult
with this setup. It is therefore suggested that a one-bar setup can be used for the
three-point bending experiments. With this setup the output bar part is replaced by a
solid structure, with the two specimen supports rigidly attached to it (see figure 3.20).
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Appendix

A
Optimization of the Hopkinson bar ends
As could be seen in the experiments (section 7.2) and in the simulations (section 7.1) inden-
tation of the bar ends is a major problem, worth investigating further. When testing hard
materials (such as ceramics and hard steel grades) the yield stress of the test material will
exceed the yield stress of the aluminium Hopkinson bars (only 145MPa). This will cause
indentation of the bar ends, leading to an incorrect calculation of the strain in the specimen.
A.1 Problem statement
Plastic deformation of the Hopkinson bar ends can lead to the following problems:
• Damage of the Hopkinson bars with a permanent indentation.
• The equations (2.5) - (2.7) for stress, strain and strain rate are no longer valid. Stress
concentrations arise in the Hopkinson bar ends leading to a complex stress distribution.
The effect on the Hopkinson waves is hard to predict.
• The relative velocity of the bar ends is not proportional any more to the strain rate in
the specimens. The recorded strain gauge signals can thus no longer be used to describe
the strain state in the specimen. The transmitted wave still stays a good indication of
the stress in the specimen [1].
• The indentation will cause a non-uniform stress state, because the deformation at the
edges of the specimen will be larger than in the middle. This will lead to additional
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non-axial stresses and an extra loading of the glue layers in the specimen (see section
7.1)
• The specimen will be clamped into the Hopkinson bar ends, leading to higher friction
forces and barrel shaping of the specimen. This will cause a non-uniform stress state in
the radial direction.
Several solutions to this problem can be found in literature. At the Royal Military School in
Brussels [2] Hopkinson bars made out of maraging steel are used. This steel grade has a yield
stress of 1500MPa which will eliminate the indentation risk. However, their Young’s modulus
is three times higher, leading to a much higher required impact velocity, and thus a totally
new accelerator for the setup.
In [1] tests are performed on ceramic materials. Here an additional strain gauge measurement
of the limited plastic deformation of the ceramic specimen is performed. This is however
impossible for metals, where the plastic deformation is much larger and the specimen is too
small for strain gauge measurements. The following possible solutions for the indentation
problem will be investigated further:
1. Safety plates made out of a hard material can be glued to the Hopkinson bar ends
2. Hard aluminium ends can be glued to the Hopkinson bar ends
3. An adapted geometry of the specimen and of the bar ends can be used
4. The Hopkinson bar ends can be pre-stressed (eigen stresses)
A.2 Model of the Hopkinson bar end
In the following section the proposed solutions are further developed. The finite element code
ABAQUS was extensively used to investigate thoroughly these ideas. In the model only one
bar end was modelled and the specimen is thus sandwiched between this bar end and a rigid
body. The specimen is loaded by moving this rigid body with a constant speed of 5000mm/s,
which corresponds with a strain rate of ˙ = 1000 s−1. The major advantage of this model
towards the full scale models is the decrease in computing time (±45min vs. ±2.5h). More
information can be found in [3].
A.3 Safety plates
In this solution the Hopkinson bar ends are protected with thin plates made out of a hard
and stiff material. In this case safety plates are used made out of the Complex phase CP1000
steel (see section 2.1) with a yield stress of 1000MPa. These plates have a thickness of 1.8mm
and are glued to the Hopkinson bar ends (see section 7.2 for images).
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A.3.1 Influence of the safety plates on the Hopkinson waves
The incident wave will partially reflect on the safety plate made out of CP1000, however the
influence of the safety plate is limited. Three reasons can be found for the reflection of the
incident wave on the safety plate:
1. The safety plate causes a more dimensional stress state in the bar ends, leading to
reflection. Without safety plate, however, much larger non-unidirectional stresses would
be induced due to the indentation. In order to reduce the reflections, the safety plate
should be as large as possible.
2. The change of diameter from bar end to safety plate is less important, since the diameter
of the bar ends will eventually be reduced to the much smaller diameter of the specimen.
3. The change in impedance will also lead to reflections (see also [4]). This theory is
however not so significant, since the safety plate is very thin (1.8mm) and no state of
regime will occur in the safety plate. The diameter of the safety plate can be chosen so
that ZCP = ZAl.
Finally square safety plates were chosen (20mm x 20mm) with rounded edges.
A.3.2 Results
ABAQUS simulations reveal that the safety plates alone are not sufficient to avoid the indenta-
tion of the Hopkinson bar ends. this can clearly be seen on figure A.1, where the von Mises
stress in a quarter of the specimen is shown during the experiment. The stress is strongly
not-uniform (between 1000MPa and 2000MPa) and the indentation is very pronounced. De-
formations are shown on a true scale (”scalefactor”=1).
Output bar
Input barSpecimen
CP
CP
Figure A.1: Indentation of the Hopkinson bar ends with safety plates during a SHPB experiment
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A.4 Hardened aluminium ends
The Hopkinson bar ends can additionally be protected by short ends of a hard material that
are glued to the Hopkinson bar ends. In order to limit the reflections on the boundaries of
the Hopkinson bars and the additional ends, the impedance mismatch must be as small as
possible. For this reason the additional ends are made out of an aluminium grade Al 7075-T6
(AlZn5.5MgCu), with the highest possible yield strength and hardness. The properties of the
aluminium grade can be found in table A.1 together with the properties of the Hopkinson
bars (Al 5083).
Al 5083 7075-T6
density ρ [kg/m3] 2660 2810
stiffness E [GPa] 71.7/72.5 71/71.7
tensile strength TS [MPa] 290 570
yield strength Y S [MPa] 145 503
Brinell hardness HB [-] 77 150
contraction ν [-] 0.33 0.33
Strain at fracture εfracture [-] 77 150
Table A.1: Properties of the Hopkinson bars (Al 5083) and additional aluminium ends (Al 7075-T6)
A.4.1 Results
The ABAQUS simulations show that the indentation is limited to maximal 0.12mm. This is
indeed limited but can still have influence on the experimental results. See figure A.3 and
section A.7. Other solutions need thus be investigated.
A.5 Adapted geometry
A.5.1 Adapted specimen geometry
Indentation of the Hopkinson bar ends can be prevented by reducing the contact stress in
the interaction plane between specimen and bar end. This can be done by using a special
dogbone shaped specimen in stead of a cylindrical specimen [5]. This will cause however
additional disadvantages. First of all it is very difficult to produce such specimens made
out of layered thin steel sheets (see section 3.3.2). Secondly, this deviant shape will cause
more non-uniformity of the stresses in the specimen. Cylindrical specimen are thus still the
geometry of choice for SHPB tests.
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(a) (b)
Figure A.2: Hopkinson bar ends with a circular channel to reduce stiffness (a) and with a ring
mounted on (b)
A.5.2 Adapted geometry of the Hopkinson bar ends
Because the indentation is not equal, the specimen is not loaded uniformly in the end surfaces.
Along the central axis of the specimen the stress will be much higher than along the edges
of the specimen. Two different bar end geometries are proposed to allow a more equal and
uniform indentation:
1. A circular channel in the bar ends (figure A.2(a)): The aim is to reduce the
stiffness, so that the indentation is not only larger but also more uniform.
2. A ring with a high stiffness is placed on the bar ends (figure A.2(b)): The
stiff ring can be made out of machining steel or carbon fibre and is used to prevent the
aluminium of the bar ends from deforming.
A.5.3 Results
The simulations, however, show that both possibilities do not solve the problem. Figure A.3
shows the plastic deformation and indentation of the different bar end geometries. The axial
displacement is denoted as U3. It can be seen that the circular channel does not cause a
more uniform indentation, on the contrary. The high stiffness ring, on the other hand, cannot
stop the plastic deformation of the aluminium bar ends. And because the pressure in the
support of the safety plate is now higher, the indentation of the safety plate increases. The
non-adapted version shows thus the best results. The zone with a maximal PEEQ of the
safety plate is found at the diameter of the specimens (2.5mm), where the shear stresses are
maximal.
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(a) (b)
Figure A.3: PEEQ (a) and Indentation (b) of the Hopkinson bar ends for different bar end geometries
during a SHPB experiment
A.6 Pre-stress
A last possibility to avoid plastic deformation of the Hopkinson bar ends is to use the effect
of eigen stresses in the bar ends. By introducing eigen stresses in the safety plates and in
the bars it is indeed possible to reduce the shear stresses that are responsible for the plastic
deformation. This is simulated in ABAQUS by initially compressing the aluminium uniformly
over 0.05mm before the actual experiment starts. The eigen stresses seem to have an opposite
effect than predicted. Due to the higher stiffness of the supporting material the safety plates
will plastically deform even more. These results are similar to the ones found for the ring
places on the bar ends.
Eigen stresses could eventually form a problem when subsequent experiments are performed
on the same bar ends. Due to the loading caused by the first experiment, eigen stresses are
introduced in the bar material. The results of the first experiment can therefore differ from
the subsequent experiments.
A.7 The implemented solution
The Hopkinson bar ends are finally protected by both safety plates and additional bar ends
made out of hardened aluminium. As is clear from the previous discussion, these are the only
effective possibilities. In order to limit the influence of the additional bar ends, the diameter is
set equal to the diameter of the Hopkinson bar. The length of the additional bar ends is best
kept as small as possible. Simulations have shown that large stress concentrations only exist
in the close vicinity of the Hopkinson bar (figure 7.2). A length of 40mm is sufficient. Due
to the choice of Al7075 for the additional bar ends, the difference in impedance is restricted
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tot +3.3%, with a small reflection coefficient: 0.0165.
The influence of the safety plates and the Al7075 bar ends is simulated in ABAQUS with a full
scale model. Figure A.4(a) shows the incident wave and its reflection. Figure A.4(b) shows
this reflected wave in greater detail. The results of three simulations are shown: the influence
of the CP safety plate separately, the influence of the additional aluminium bar end separately
and the combined influence of safety plate and additional bar end. It is very remarkable to
conclude that the combined influence of safety plate and additional bar end is smaller than
the influence of safety plate separately on the amplitude of the reflected wave. Because the
amplitude of the reflected wave remains limited, this is not further investigated.
The safety plates and the additional bar ends are glued to the Hopkinson bars. The influence
of the glue layer is limited as well [4].
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(a)
(b)
Figure A.4: Reflections caused by a CP safety plate and an additional bar end mounted on the
Hopkinson bar end
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